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2. MATERIAL FEEPARATION AND BASIC
CHARACTERLZATION

The prcpanaiion procedurcs of TR sessloonducior sustersiads bervs. ireosessdous e
pertom devien porforemsces. The pority of the soamy sstecsls poar 1o growth m
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The B-V] smriocodecions s beveg used in sscosmas gpphotions, m IR de-
phcioefmative deviders, cha. Tha HgCdTi (MCT) bus bas e muodt siotied B-
¥] outeriad for R détirtion: im e B=12 jua spoctial cegn, Hisrevar, |t cuflipts
peodens of estabikty cim 1o o sl bpndiag of Sg = e aryeta] oeevors, K
ooomepurace off Hie sddition of naslean [1]. Ths et redheeg devien Htioe,
Th emlye thren prodien s aed nomgee dotien porformwss, HgZeTo (MZT) =
thees penpend, The MZT wirk 139 sioc b the mow dotictios mge (3-12 ua)
m BICT wirh 7246 owcerrieng apd. s oxwrpesetdo phslond propaiias (2], The =
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clbin ratatabe T g (ACET) cowpiad 1o e Brickgmeos asd THM rpchericuron,
vl chamical vapar botnagen (CVT).

2.).1. HgCdTe

o the Eitxigean progees, pure tiiascws g, Cd, asd To cre naently Joadd b0 x
clran. thicd aod] QW wrgowic, The tharge 19 bomogesized 10 s usriical formecn
by x chier rowitime, & B 7% of dagrees shoer tho secdidey paiat of the MUT alioy
ORig. 4.L [7]) o rrystsls are pryers by 5 cltre Freendng, stried st ooc aed [4-5);
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e 2imglc arystale 1 lrge-graies Jngota obizimed anfockmaicty buros tarps mutlnd
ol adiad compasition variation,

THM onth llucowd e D6 Koo, bux Been dron secdachd dee e el
pyth of MCT cxysod mmfr ye thin ows off lpnprowth koopeosioos s, io
sl radia) and ol compasithon verfations [7-11],

Solid 2sta recrystalibrztion (SER) i § 2blid-siate tachniqos el DEE ben waid
0 prralnce Large gosis BMCT crystals [123=16] B wiforkmandly oimies 1 Grystils
comtuinimy & bigh dusslcy of dskopgtions yod atecking fnlt [12,15]

The growth Bom B¢ lapdd sofftsy om the: osvoidable probliam of axial
andor radin) compositional bomogeasiry. wrising vom (20 majne o (1) the
yanoy-drives cosvedtion, Abwiget prtctedt e th a7 growTh pafamesd of
chrth (dum bo deenmed e sofral yreditiecs); sod (d) sod e pap hoosmod the
Mgt and D¢ ol ke 10 tive pacadcbinory phuoe Eagrast (RE. 4.2, 1) was ayg-
it thad {incmaing B¢ wsiring o e Sid coaid belp orercoma this problem.
T, varions andifcetions trien #1045 o coayiioas] 1awis growts chadvet.
fuw al [19] mppling & wastvens oageice. Bold gnring wentic] dimcrinasl vo-
Bo0ontions, Qhiher mitterts appiiod fhee ACRT deidg Bridgpiee goosah [20-24]
o THN poxth [10,11,25=28] Tha ACRT coocstx in adtainfsd/deoalansasd
oialineg 18 ghivmmic dincdoms. Thoae wodiiosioon tpcuipad o atebility of
growil e hepeovimy e axial and satiid conpositicnsd velfocaicy weed pro-
incing Supac sngis coyimd reghare of tatline quahy. Fraxhwemore, the ACRT was
wlat St a0 axict e dacviy oF wcoat-phivie praciphindca and ( Emprore the
cowirod of the, sgpption.
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The vepos growth of balk omogedeous MCT niquites 1 pood sédfustment wwd
coutre] 5F dve. vapor pressurca of (e pouree Toaderisly. This prodtes i 0T ek,
witich cogplaios e rowow wiry this Bebaiges s Bt oftes been wed Io grovwhog
MCT cryuiaie. Nowerdwiea, Wisdeeler med Oluptos [29] appliad the choasical
vepee phygert techmiqud b goow Tk eryslik of Hp e C4,Th (x & 0.2) 10 2
ciomd whe. 1nd wed Hals se e tempoct mpat.

Ax. poyn i tolchinméeic mivnmma, Sulk Hyy. Cd,; Te (MCT) prosveasi
dovistiom Trxn sovdchlpshety. B i ussclly wewmry () caficiag, Bus to the
walanlury of (bés slenwic. The Hy wacbaciis W0Cse pcctpiers, dne oplaining i
P3P semicomdnating proparfies. Geoooally, posigrowth aasaling trermaeats
under Hy oropressare ae 2xvied OW e & wagy 10 #¢jowl, the sxicinonetry by
thit iowpierty iha eliottica) primerfies. of ibe cryeou o6 negutinesd foe TR dutechms,
The p-to-m-type camvernion is of prime tmpotnant o teodnn epphicatioes. bo-
oot of e Digh oeablntos of tve clacrans, Nuaucous studies b tece made
o p-to-m-type comvergn im MCT | 13,30 Tampwrstcris kor dsselng reptss
il kot thosan o e 260-400°C mage. Recavse of e sledhely low wpecd
of the.ooovarnoa foue and ibe mltiraly ariall oty 3% of he omgoand, Hall
poafficiam (2y) varres o¢ & fuicticn of wmpcsstuse cun preac revonels of dge
on 00 (rmomcsbOus TN coofknot) [313. This SUGPRM 3 Notapai it Darssass
plectnos mod Ioles, ¥ comgrasaion—be coare of e ampla moudos PP
while [ altity b caavacted © A-1ype. Benewer, Svuglaomans aod holee cooomas-
thoox, s ol s thia mokalitisg, cas ks ool oo gh ssgpoeou-Tndl owso -
mAnDy gnatyzed v & sudltfple s moded [72-35) Bleiron mabllidus {(»¢ 4 K)
s baiggh w4 3¢ 107 car®f Vs to b s o ezavind | 365). Tha warianices of dhced edistacial
peoperiion with copcndarT owe thea bo nodded [36-40). Gomger wd Pellcer
apphiad en DTl DOGEL 03 proalic? dve Sariati Pt EDPATRGET of NECTTN
solfly lo MCT crysaik of difom Cf compucidon. They could accursizly th
ihair exprriatvint GCa gnd svokzed e coacstonmion of fosbaed kperiio o
their crywiaic
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Ac wntiged cortics. FgZoT: ima bessfied from shecel sl B prowth wvk-
ks Tl st apptiad 10 1he tante adiad HECATa, Tha powth of MZT bo-
CORIADE v ik POODMIG off cossonifrmty of e ooospraation. e 12 MCT, dus
i the npugriale prondebinaty pizne degews (R 4.2)mod e wids xxp berwectr
the linalde and T ptlldes [41], Momorer, e taladhvaly sitdr {oaedifuston be-
Daaies Hig and 2o i e ol [42)] (b cne oodeol megritode sloner i i lhe
o of Hyg and Cdy maher obed giey pxielly bossoacocoos kyooy of reselds
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Su st #d [4Y) applied fae direcsickm? sl difivation ttheol t9 produce MZT
from e e (stanting from Ce phemats Hg, Zn, aod B) with xino sools fmo-
tion rpaging from 0,13 90 022, The reswbioy imgoty proscoied s nowsifons ool
compositien grofllc commposcd o & apreuciexl mglow, a trowlcsr reglow, mnd »
smady-stuis mgiie. The sfuc composition I e smady-stxis rgide v Al
et t5 b ok fower then w ihldal compotiion. Esnmmdr we o 143 uand
» raxfifir] verfiosl Briskgmen et ad they Dl souton] S aoSGlation
ey during tie growth. FNowed of 2 [45] applied & goenck. Txrydedh ze-
tos rhabgos, B0 chisant (ngoty gxially telxtivtdy homogroross, Yot opfally
nookomogeacom 15 composithon. Sha o ¢l [45] appied mo mal Tagweae fisld
Curing o ditecThemal atlidification ¢f BEZT, St d Dok bngrovs oxlal composition

bomogenary.

The THAS kas 2ioy besn 4ppikd It e growth o BIZT. The joonth mx-
prratoied we 10Wer ihow ©w muhing polst of i compound, shich srdonce e
rak O sxpiosions. Talluriem wal uasd e i solreor: [147,24) wogother wikh &
souron ienial commimed ¢f atmicytindrical ingoty ¢f ZaTy Bnd Hg'Th, cut (4
a wory (ut Fig, 4.3) tha predinted the Decidad campasi 0D iy $i lagot. This
reamlited in aniplty e hotiet ganaoils Ingots (Fig. 4-4) with o shoner transies®
Flors {toevheind 03 thode oltained frod e ko)) du tatinl composition wis 2loo
Tyt ornopreeoes. iv node #0 Eophae e compottion vodfnoniry 6f THAL ke
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FIGURE 4.4 Axial composition profiles for MZT ingots grown by THM with semicylindrical
charges of HgTe and ZnTe, with Te as solvent. The solid line corresponds to the Pfann’s solution
model with zinc segregation coefficients of 2.83 (1) and 2.76 (2) [48,49].
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FIGURE 4.5 Temperature dependence of Hall coefficient and mobility at 0.8 Tesla for a THM as-
grown Hg| _,Zn, Te (x = 0.1354). Above 155 K, the electrons dominate the conductivity, and below
that temperature the holes dominate [37].
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FIGURE 4.6 Magnetic field dependence of Hall coefficient at 70 K for a THM as-grown
Hgi_xZnyTe (x = 0.1354). The solid line is the calculated curve.
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FIGURE 4.7 Concentration and mobility of electrons (n) and holes (p) versus temperature in as-
grown Hg_,Zn,Te (x = 0.1354) by THM [49].
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12. TMANSHION METAL-DOPED 14-V]
CONMPOUNDS FOR TUNABLE MIDINFRARED LASFRS

o they O-VT fimlly, sclenides, silmddos, and mifiden doped erkth weasition nesctl
foan anch a2 Orf, Ot , R, s, e bawes shoorm to B potrodial 2w caacs
o Mkt Cxiihe. fior e ke IR apiciired ongbouw [34]. tel roow-Emperatuse -
whic kmcr action W lacn dermcmstraad b Za8eCr¥, ZaSOr™ (54,55 oud
CAME IO |56,57] Tht Not tnatvrial omm En w acgie arysial of w patyenys-
tal. Lo cithex omm, the: krsoaition mcwi-doped orysis! bn w gain madham and o ae-
ansble ahearber. Thin medon it peaserr dae promath wehnlgued dpghicabls fe
COMOM’ 00 ol Luiter dfiow fom Betn. desponstreicd. s thox Hed D
shooyn m hnadessd hanlecscence baoxd e dhe mIA-R. The weasition Sl can
b incompocaied 1 das Intwe dRGing das SITW PRGBSI O By # (oatidith hecma]
wiffeyion. Suxic chayecizzizntion cowie g prowosicd

Z.2. L. Znke

The ZaSa cowpimd hav hasn evemairsly Invesipmid, osiohy 07 ks polemeinl
o 50 bt WYY AT Aicaio, (LEDM). Niutsrstus growil Mchni s Reib bt
acd to grodoce bulk sumneics of Zoe for bomocpitay, Dioylg a/ith tewd tion
aowtil bt e Twtfirmed aishat dmring tha e prosth by inteocmcing the Eopaor
o ey {itied el [50-901] cn Dy & postietttwdth thescmm] dhifioscon o e Sopocd
Im the lorms of Cr2, CoSic. or Fae [ol-64]

e o hrve baee (e 07 tha st SR of ondaped Zn'Se, Tha fioe.
o Sukipew (or gredies freasing trhoigre), sricoh stéxty. leitn Zo'Se prasdey
I a gophin comtibla. onvlar w kigh preeses of ke gev (30- 150 0. W pre-
ool neecovtretl WODENGON OF fhet MacD [E5~7T0) [or dds achalqms, the
grosth ke phow O vary Digh kmperstens, whick s & comogooac of -
awriog &% foermaiion of the Mougoas] wroctum (crwr the cohle anscaorx), Ha
to o 1427°C phep tomkition. This gaoentost o K oy OF twisd. Hhils,
ind g ey o the arystale. The acvomd medal 1s & Jow preasa aifanlog
aechaiane., devoakoned by Ftcparich n ol [71], Jn dhit lechadane, the grphic are-
cildde i dewbod madar 4 relasvely fow presme of Ny (57 anry wrikh chnddaned
rxoors of ZoSe. (n ardoy tp skl axrssive kitnos OF dba ikl claegn, The 10
ut b e cryacils obiinad Dy He tholmior dostagn Tow Sxitn siofclittetry toxd
e 4 Tonont iadry of Sefeco than how proxyn corker dhe Mgh-prcsare ienh-
whque [72].

uletion proeth using hateoomohests rooh os b (73400 PCly (7O A oo
1 bow semperaims 1n 3 THM oarfinstwdon sisdied ko refathinly sl gosm pol g
cryxat] i Wt costansinrted aith the sobuoor, owe cyocrtly, Oowo of ot [T
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criboieas redatively wodll, Thear e ™70 cxmporicy of worpoc growth ocheqvoy e
chern ] vapar caevpint nd wablisostioa

Cheuncal vapar manapot (TVT) ogiiest e st of & cheomi'sd raovpirt apos
murh aciodima The growth ows ha diven w0 & clomd tobo W & tresperctas v loor
w BT with verylag el Sepooding oa the capeclmontn) coodidom, Teln
Tras polverysial ingots or nomfichite crystals bats beow chosheid In 1natoded xm-
poulet [73,7576] Taglicnera w1 o [77] ot 1 2aead xnid cppicd the opescizad
coddives w Tidhla o goom e sidight crysalx 1okt setaly, Hioe crywisle
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FIGURE 4.10 Absorption spectrum of ZnSe:Cr2t, measured at 300 K.
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FIGURE 4.11 Luminescence decay in ZnSe:Cr2t . The emission lifetime 7p was calculated to be
equal to 4.50 ps.

ure 4.11 shows an emission decay measured in a ZnSe:Cr?* doped by diffusion:
a lifetime of 4.50 ps was calculated. Figure 4.12 depicts the temperature depen-
dence of the luminescence emission lifetime in ZnSe:Cr?* [99]. At this moment,
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(300 K) emission lifetime of 8 ps has been reported. Figure 4.13 shows the varia-
tion with temperature of the emission lifetime of the >E level of Cr?* in ZnS. One
can observe the same trends as in ZnSe:Cr?™*.

Table IT summarizes spectroscopic properties of some transition metals in zinc
chalcogenides [55].
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FIGURE 4.13 Emission lifetime versus temperature in chromium-doped ZnS [55].

TABLE I1  Spectroscopic Properties of Transition Metals in Zinc Chalcogenides [43]

Cr2+ C02+ Ni2+

5E o 5T, T, o %A, 3Ty o 3Ty
Property ZnSe  ZnS ZnTe ZnSe ZnS ZnTe ZnSe ZnS
Nigns? (x 1020 cm™3) 001 018 005 0.06 0.17 025 032 0.8
Oaps® (x 10720 cm=2) 87 52 123 78 5.4 44 80 141
Gemiss® (x 1072 cm=2) 92 75 188 3.7 3.5 7.1 - -
Temiss? @300 K (i) 8 8 3 290 184 50 - -
Trad? @300 K (us) 8 11 3 1173 1170 610 - -
1Qy? 1.0 073 10 0.25 016 008 - -

“Nions is the concentration of doping 10nS; Oaps and Temiss are, respectively, the absorption and the
emission cross section of the corresponding ions.

bfemiss and 71p,9 are, respectively, the emission and the radiative lifetime; and nQy is the emission
quantum yield.
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FIGURE 4.17 Experimental setup for CTHM growth of ZnTe [49].

concentration of holes as a function of the temperature for a THM-grown ZnTe.
From the fit of the data using Eq. (4), it is possible to obtain the value of the ac-
tivation energy (¢, = 126 MeV) of the electrically active acceptor level, as well
as the concentrations (N; = 1.53 x 10! cm™3 and N; = 8.49 x 10 cm™3) of
acceptors and donors, respectively. The 126-MeV activation energy corresponds
to the energy of silver (Ag) in substitution for zinc [49,167] and the compensa-
tion ratio at 300 K is 55%. Hole mobility was 80 cm?/V-s at 300 K and rose to
8000 cm?/V s at 45 K.

p-(p+Ns) Ny ( Sa)
——:_exp —
No—Na—p g kgT

C))

where p is the concentration of holes, g is the degeneracy factor of the acceptor
energy level, kp is the Boltzmann constant, T' is the temperature and N, is the

2memikgT .
B y3/2 and mj, is the

effective state density in the valence band, N, = 2( %)

effective mass of the holes.
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3.4, OPTICAL PARAMETRIC O5CILLATORS (OPO)
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Andther affitden: wyy 15 almain arkHR wdisdion b & saisaocs ae oytiond peoe-
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TABLE X Room-temperature Bandgap and Refractive Index Values [361] for Elemental and
Compounds Reviewed in this Chapter?

Bandgap energy Bandgap wavelength Refractive index
Material @ RT (eV) @ RT (um) @ 10 um
Ge 0.66 1.88 4.0
Si i.1 1.06 34
InSb 0.17 73 4.2
InAs 0.36 35 38
GaSb 0.73 1.70 4.0
InP 1.35 0.92 35
GaAs 1.42 0.87 3.6
GaP 2.3 0.54 33
ZnTe 2.26 0.55 2.7
ZnSe 2.7 0.46 2.4
ZnS 3.65 0.34 2.4
CdTe 1.45 0.86 2.7
CdSe* 1.7 0.73 2.4
Cds* 23 0.54 23
GaSe* 20 0.62 2.8*%
AgGaTey* 1.3 0.95 3.0* [380]
AgGaSey* 1.7 0.73 2.6*
AgGaS,* 2.3 0.53 2.3*
CdGeAsy* 0.57 22 3.6*
ZnGeP;* 1.67 0.74 3.1*

“For convenience, the wavelength values corresponding to the bandgap energy were calculated. Ma-
terials marked with an asterisk exhibit birefringence.

(FIR) range, and tunable devices in these wavelength ranges are also highly desir-
able. Table X summarizes the main optical properties of the materials reviewed in
this chapter. The main obstacle to more widespread use of such devices has been
the difficulty in growing large, high-optical quality crystals, with a combination
of high-nonlinear coefficients and optical and mechanical parameters compatible
with those required for useful applications.

The information presented in this chapter should be considered as an overview
and the reader should consider the references given here for a detailed understand-
ing of each subject.
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