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ABSTRACT 

r·:xp~·cfment;}.1 ntudy of opttc:nl and electrical propert:t<~n of Blx 

different groups of: ['lec.tJ:ulUin.i.ll.e~~Cl'fd:_ dl()d(~8 (LEDr.,) \.1<1£ (:;nried ottt.. at 

and near roonl temperatures. The first category of the diodes consisted 

of four groups of red (LQ 1131), orange (experimental samples «ithout 

catalogue number) yello" I (LQ 1.431) and green I (LQ 1731) colored LEOs 

fabricatd by TESLA ElectronIcs, in Czechoslovakia. E(1ch of theee groups 

consisted of seven samples. In the second category, tllcre were two groups 

of yelloH II (LEIl4 566-1,81) 8ml green II (L1l1J4 586-491) colored LEDs each 

with three Romples. These sBcond category LEDs Here fabricated by Radio 

Spares (RS) of England. 

Comparative studies of I-V, C-V. lphoto -V, emission spectra and 

band gap «ere carried out for all these diodes. The I-V characteristics 

revealed that the ideality factoJ: 'n' In I."""qV/nKT ranges from 1.3 (for 

orange) to 1.7 (for red) in the first four groups. For yellow II & green II 

this parameter has values of 1.B & 1.9,respectively. These values of n 

remained constant in the exponential region "hich extended over about tHO 

decades of the voltage for most of the diodes. 

C-·V resuLt indicated that all the diodes have abrupt junctions Idtll 

built-in potentials of 2.89, 1.63, 2.04, 2.14, 1.92 f,. 2.06 eV for red, 

orange, yelloH I, yellow II, green I & green II, respectively. The 

I photo VB V study sho«.d that lUminosity ( ...... {photo) pas an exponential vol­

tage dependence (of the form eqV /rlKl") in the vol tage range over Hhieh the· 

ideality factor (n) nearly remained condtant. 



lengtl.s (energies) of 560 nm (2.215eV); 587 nm ~2.1L4eV); 590 nm 

(?.103eV); 662 nrn (1.874eV); 562 nm (2.208eV) and 5931110 (l.092eV) 

for green I, yello"¥Y I, orange, red, green II and yellow II, re8pecti~_ely. 

Speetr"l emission ,'tudy and hand gap measurements sllOHed that the LElJs 

are of Ga (As.P) >lIth the exceptIon of the orange LEOs, Hhich ill some 

eases shm.,ed deviations from the values of orange Gn (As. P) LI<:Ds. 

Radiative recombinations occured for the red ~ED9 at an impurity 

level of about 50 maV and for green at about 1.0 meV f.rom either band 

edges. r'or yellow LEDs the values wer" as high as 90 maV. An attempt Has 

made to evaluate effIciency of the light emission for the EL diodes. 

Light emission intensity comparison revealed red LEna as the most intense 

folloHed by green I, the recombination of which might have possibly been 

assisted by nitrogen isoelectrOtlic traps. The 'small intensity value in 

all tIle rest of tIle diodes might be Bttribtlted to the absence of the 

isoelectronic traps. 

No pos1 tion shU t of the peak emission energy "as observed Hith 

diode currents for all the EL diodes. 
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-r I!'l'!ZODUClJOt-l 

Luminescence, is H phenomenon ill Hhlch ] 19ht in olHwrved ~'Jhen 

electrons excited to higher energy states emit photons with energy i~ the 

viHsible range 8S tlley resume lower energy states. Ip semiconductors, tIle 

electrons recombine with holes at the lower energy states. Luminescence 

is a nonequilibrium condition Bince the excItation process d1.sturbe the 

CljuHlbdtlm'. ' So, the~mal emis!;liM ("here internal equilibrium i!l main-

tained) is not classified under luminescence. 

Light can be generated in almost any materJaJ under the influence 

of sufficiently high energy. The energy can be supplied in the form of 

light, by particles moving with high velocitIes. by electrIc fIelds 

(currents) etc. the type of lumj_nescence is usuR!l.y characterized by the 

excitation mechanisms h'hlch involve photons D.n in photolumine8c~nceJ fast 

mOVitlg electrons as in catllodoJumillcscellce 8lld eleotrlc fields or current~ 

as in electroitlminescence (EL). 

EL is a mechanism by Hhich "le('t'~ical energy is converted to light 

energy "hereIn the emission uf. light is at a rate far in excess of the 

, 
thermal equilibrium rate. In EL, the excHntion can be carried out intrin"· 

sic ally by exciting the electrons \<IHh high electric fields (referred to 

as field effect) or by applyb~ currents such'as in injection. breakdo\<ln 

or iunneling Tn,. EL IVhlch is exhibited in m"ny bulk fir undoped materials 

under high field conditIons if: due to field effect. A doped junction 011 the 

other hand, offers a very efficient and well understood means of generation 

of excess electrons and lloles at tile pr~per energy lev~l%.l 



E!fItr,~don of lIght: hy tnj{~cttoll of mtnnT.1t.y C<:ir"(f.('n~ in p'·-n JUllctlolls 

under fan-lard biC1S i8 thE llw.chanir'n1 of open,{-:tnn of l~i~ht .~mltting Diodes 

(LEDs). Th-'e term LEI> }';-J gElte,rally Hsc-;d for- t(-'J:ilnixnl rtppLlciltiollS. This 

tllesi.s however i exclusively deals with £1. in P-11 junctiuns. 

Eversince the first ltnnineGcence in junctions ~'JaG ohservC!d tn SiC­

crystals (j.e. crystals "hieh have built in p-·n junctions) in 1923 2
, many 

attempts have been made to study the emIssion of light\n junctions. 

Particularly lately) pOAsil)le ways of ~oth radiative and nOflradiative 

transitIons were studied for different materials as R r~Bult of whIch many 

recombination kinetics equatIons have been develop@J.. ThIs hlls brought 

about n new level of knowledge in semiconductor jUllctioilS. 

LEOs arB used lI8 display elements, indicators and optoconplers 

(which hove wide use in opto electronics) on Rceount of their small size, 

relatively small heat di!ll~lp,a'UOn, fast the tillie, end\lrance under meeha-­

nical strain, and better uu1.tRhil.ity because of ttleir p"tentinl for tl1eir 

eye catching brightness. Besides, thpir use as a supplement to the existing 

lIght sources (though the condition of large semiconductor lamps Is still 

on the rcsearch stage) Rod their ability to operate under certain specific 

cOllditions still increases tlleir importance in some respects~ For instance, 

yellow green GaP LEOs sho~ excellent match with the eye sensitivity better 

thon any of tl18 prsRently existing light 8ources~. The constancy of 

efficiency liB their size decriasBs puts LEOs on top for small size illumi­

nation. Their hroad spectral output 1H alBO one of the reasonS which 

escalates tl1eir demand as multicolor indicatorR. 



Unlf.l<.C' other l~ght Booret's, end of 11fe iil LED5 f::: no!: :w~~ocJ.atcd 

set-vice' life ~ ... hich exceeds that of tncnndesccnt lamps by III least t ... JO to 

three oyclers of magnItude", Acc.ording to ChJn ct n\ 5 meon t.tme to fAilure 

Currctlt studies and efforts made to improve I~Ens Pilt large empl18sis 

in ftndtng mechanislf"ls to optimIze :tts performance by lnerensJng its (~[fici-

ency and to minimize degradation (i.e. lOBs in intensi~y with long service 

time). Exploitation of UH~ availnhle eolors is also one of the important 

points "hie" is given due regard. ThIs is a broad HeJd to be t;"J<Jed both 

in tllcoretical and experimental physics. 

lmprovement of LEOs hastcnl.ly focHses on the improvement of 

tndlative '[('combination mechanisms. It can hI? dOlH~ hy ~;lllcction of proper 

material type slId suitable ~eCI\llology. 

In order to qualify as an efficient LED fi\nterial, a semiconductor 

mllst: have as a fIrst requirement, band gap of energy grQHter than 1.8eVo. 

Assuming direct transition from the bottom of the cond'lqtion band to the 

top of the valence ban~,' the anergy of tlle~mitted pllotO" is given as 

For red Hght, #\~":'>700 11m, nnd EO' r-.J 1.8eV 
o 

As a second reqlJirement, it Rllould produce stable ~Ajunction 

\~ithout mnch problem in the production teehnoj ogy and tt 1!11lst provIde 

favorable radiativ{.:! recomhlnRtton tT~Ht8:ttions. 



Direct band gapped nendc:onductoro=; pyov-!.d(~ mnl'e fll_VOr;.1.h tl) condit lQw~ 

8H fHr fls r;h~latlV(: recombination proc:!?SSCS are t--:once,:ned whf~n cOlilpHred 

{<lith indj.rcct gllp semiconductors. The prohfJoiJity of tadlntlve transItion 

in indirect gapped semiconductors is very small because tl\e Inomelltum 

conservatIon law should he fulfIlled in these materiqls 08 will be ex­

pJa ined i!l<t@r. 

All of the group IV semiconductors arc indirect gap semicunductors 

and they l,ava smaller energy gaps (with the exception of SiC.) than afor­

mentioned. In SiC- hot'lever, eft lcient lumtnescence i8 observed even ;:1t tem­

peratures greatly exceeding room temperature but the perfol'~nance of tl\is 

compound fwmiconduetor is 'lJm3 ted by severe teehn.lcill ,and economi.cal 

problemsZ,6. 

Despite the filet that SOme of the group III-V corllpound semic·onductorfi 

are indirect (al1d hence illefficient from tIlis Vi2W pOiJlt), they form one of 

the potential sourceo of EL materials. The direct l,and gapped compounds of 

this group have relntively narrov bandgap!) among which the well known ts 

GaAs (Rg ~ 1. 425 eV at 300K) 7 which emits in the infrared reglon. The 

remaining dixeet gapped semiconductors of this group hllve either crystal 

groHth or electrical cop,ductlvity problems. Compounds ~}f th1.s group are 

more of ionic type dIPn compared Hith gt'OUp IV semiconductors. As one 

moves from the central IV coJ,umn of the periodic table tOW3TdR tl,e relnti-

vely more ionic bonded compounds J thf-' ~. f ( \ r (! J 

group II·-VI semieonductoys have larger band gups than eVf!l1 group lIl-V 

compound Bt!mieondnctol"s. The relatively large14 energy gapped compounds to 
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the contn:ny are cll<1n1ct(':r.t1.(~d by pOOl' IllohLllti(~1:; and pcrhflpfl lUHbfllty to. 

In other.'oniD, due ro tll1H latter probll!Hl J j\\Ilction iounatton tB dJfficulL 

or ,impossthlp. in such compounds, The tHO constrFtints C[j.'Il he £,:urnlOunted by 

seJectlng compounds of .lighter ,1tomic tonst{tnts from tho higher ro\'lS of the 

periodic table, 

Host of the binAry compound lIT-V semiconductors that have all advan~ 

tage of larger CJlergy gap are illdirect, blJt the inefficiency (lue to tIle 

indirect gap can be improved by introduction of proper types of impurities 

such fiS isoelectronic traps. 

The core tn the study of the pf"tformnnce of LEOs .lies in finding 

the cHuses of radiHtive nnd nonradiative recombinations and \Olays of enhanc~' 

lng the radiative ones. The quantItative (lominttnce of radintiv(--! recombi­

nations over nonradiativp recombtnut:\.ons lndicates ligh~ emtssion. Since 

indlrect hand gtlpS favor nonradiative tccowhluatlons, lmpurltes play 

prominnnt role in the illdirct:t region nnd greatly i~flu~nce the effici_ency. 

The Btudy of the electrical and opticol characteristics of LEO. is thus 

linked ~Jith the role of dif fen~nt types of ilTlpur:tti(~s 1.\1. f:':emiconductors. 

Studies of suc.h parameters indicntG the status of LEns, 

In this ~'701·k) I-V, C--V [1 LlV charllcteri.sticB \<!cre Htudied. Besides 

emlssion spectra and thermal band gap mcuBurcnw;lt" H.'re taken for 3t~ samples 

of commercil1l LEDn at and ncar room temperatnres. In the result8 t Home of 

the quntltitative parameters obtained in the study were Biven in tile from 

of tables. Attempts were also made to correlate SOme of tileac parameters 
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I tll' J ud '-' ~;OPH' 

LEDs and to the effect of Jmpur It.ics. The Hork 1s more of ({ comparative 

type and hence, sJmilar.itles Hnd d1.ffe'[cnces bctHeen thQ ttoJO c<1tagor.les 

of LEOs are given ill eacll section. 



T!IEOR,{ 

1.1 INJECT ION j·n;CHAN j SHS 

Lumlnescence in LEVu cOfnprlgef; of thrf'~ major ~ltagcR9. The first 

is the excitation process (i.e. injectioll of mill()rity carriers). In tl1c 

?Ild part charge tratlSport and cnpture take I,lnce and fiJl~]ly tIle cllnrges 

recombitw radiatively 01" nonrudiatively. 

In biliary compound I,EOs of group III-V, eiemCtlts of group VI substi­

tuting Group V elements in the compound act <lB shallot-l donors and group II 

eletn~ntB substituting group III eleHlents act as shnl1m·l acccptol:8. For 

instance, in group IIJ. ..... V compolIods; elementR such as (8 l Se j Te & 811) act 

ag 9h(\110\" donort-; and (Cd. Zn l Hg, Be) 8ct tIS shallow acceptors. Ge & Sl 

are amptloteric becRllse they can act 8n donors or as acceptors lO . Tile donors 

and tIle acceptors are Btlbstitutional impllrities sj.ncc electrically active 

impurities usually occupy substitutional sitesl1 . 

At room temperature shallow donors and RCCeptors possess localized 

Pllergy levels of the order of 26 meV from the COlldllction and valellce bands) 

respactively12. Hence, owing to their low binding an.rgy, they are 

BRSlly ionized at room 5empernturo unlike deep impurity level. (i.e. otates 

whose energy is ClORB to the intrinaic Fermi level). Qhallow donors and 

acce)tors tl1erefore, act as_.activators of lumillescenco. 



· ..:1-, 

Ofrl~llort f' 
nU.il()ll Lfdl R rlr {jr(m 

Fig. J (n.)! Schematic repre:sentati.on of energy states thl-Ollgh p-n 
junction at zero bias. (b): p-n junction under fonMrd bias (Vw) 
conditions. The Fermi level 1:'3 I~~ tPn [. tPr 8r~ quasi Fenni 
levels, E{ is an impurIty staU, inducing radintir;it. [After flerah & 
Dean, ~J 

As separate entities, p&n Rcmiconciuctors l1Dve different Fermi energy 

Jevels WllJ.ch are dependent on the doping concentrations, In p-n jlItlctlons, 

before equilibrium conditions are reached, electrons and holes fIoH .into 

opposite sides ~ntil an internal electric field is esta~lislled across tile 

Interfae.l;,li region. The flov} continues Hut11 the magllitl1de of the fleld iB 

sufficient to stop further flow of charges and the Fen,I l~v~l on both sides 

equalIzed. ElectrJ.c field arises beCAuse of the Bpace charge distributions 

of the thermally ionized donors aod acceptors. The region Hhere the field 

is builUn is (ree of"rnobile charges. Only ionized donors and acceptros 

are present. This region is referred to as the. DEPLETION LAn;R. 

The locatIon of the Fermi. level depends on the 'loping concentration. 

For low doping cOilcentration, tile diode WOll1d be nUllJcgenerate and ti,e 

Fermi level lies wltl,ln the forbidden gap h.loH the bottom of tl,e 



ding upon t1le hig}t doping cOIlcentr;ltion of durtc]ts or e~ceptorH. III mogt 

IJEUs, one side is always degenerate 13 because of tile following two rOR8ons. 

I) The barrier heieht reduces by the value of e, who"e f 1" the 

energy difference between Ee and the new Fermi level. 

Ii) In the heavily doped side band fillIng rises t~e threshold anergy 

absorption by e Bueh that the emItted light traversel' this smaller side 

withollt mue!l absorption. 

At zero bios) tl12rc 1s no net curreilt. since th~ number of minority 

{'.arri(~r.H \>]ldch are being f.lHCpt dlH>Jll the potent1.<lJ harrier is compensated 

by thp tHlm(~ numher of fe\\I mHjority ca.rri~?-y.H uhich can overcome the potentiAl 

barrier. 

At [on-lard bias. the energy btrtrier dccr-eoncs 1ft proportion '<lith th~ 

magnltude of the applied voltage. The number of the lH~nority earrierH "lhich 

are mJept oown the potential barr fer rmna.:in COtl8UHlt but the numher of 

Inajority carriers overcoming tile newly reduced potMAttnl barrier increases, 

These majority carriers.become mill(}rity 8A tl1ey crOBB the junction and 

hence 1 th(~ name minol:-lty carrier injection. 

The injected mInority carder's may reeomoine "lthin the dep!."'-:l"", 

region or Hithin a diffusion length disthnce from the depl.etion ,egion. 

Host of the recornhinatl.olls "J!thln the deplettoil yegion Rre nonradiat1.ve 

HId l~ recoillbinatlons outsidc:: tile depletl.un region may be rad::Latlve or non·-
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cOilccntl-Htion of :lnjected l1linoctty car1:ierH tl.lthough tiV~t>(,- carriers I1Y'C not 

in thennnl equilibt':luTn Hith the flln.jor:tty cflrrJers16 . The sepnl'utton of the 

qUBsl Fl~rml le.vels lrnplirw that a shallow donn~~-<-i~eeeptQr Illny be (Jl1ed H1.th 

electrons or holes only near the n or p aides of the j4Ilction but botl) will 

be ionized alse"lliere ulthin the junction. Deep levels Hhich act lIS recoll\~ 

bhwtion centet:s TOay l1e Hith:tn the qU<1ni Fe.rmi levels throughout the junc-: 

tion t-lhere118 the recomhination at shallow levels enn hQ signiflcant only ner.:, 

the edges of the depletion regina 01. vJithin the ndnori~y cnrr:i.er dlffus.ion 

l(~ngth tn the hand p region adjacent. to the junctlon1J . 

1.1.1 Current Voltage Relntlollship .ttl p-n JUHctionH 

In fdeal diodeg~ no rec.ol1lhin3t:ton Is tlsslHlIbod tQ occur withfn the 

dHp.l(~tion r.egion and the. only curI'ent tn stIch d1.odeR 1~ diffuBion current, 

whicll is cHllBed by tlle dlffusi()n of majority carriers tllto the lnj,nority 

side 011 account of tile reduced barrier lleight. Uci,ng ti,e continuity and 

R,isson equations and aSfiumlttg miloll :tnjection, the id(.j:al diode! 

equatlon is given by 18 

I (Ino + Ipo)!exp(qV!KT)- 1J (1) 

Dp & Dh are diffusion coeffJ.cients and I,p & Ln ltre di{ftlSion lengtils of 

holes and el{~ctrollf; respectivi~ly. r-~ tl N~ Hl"e cOl1celitratioBs of ac.l'.cptors 

and donoro$sni :ts the lntrilltd.c CHrrtCl"H conc.entr;l_tlotl, 



I':qo,(}) (lIllY iJOldn in IIflrIOt·} band gappf'd "iI'!~!I(:()lId\l{'torg. In Jtodp)1 

ro~;lon l::Ut-tt~nt HE': n y(:suJt of '.<.'Illch :l1odtf-;c('.tio(J of Pftn.(J) l:-; rf~qulred. 

lltlderforward hiRO, crln.(l) is affected by l~ 

i) recombination of c<1l"l'iers tn th~ depletIon region ~ 

11) series resistance effect Wllicll results ttl voltngc drop ncorss tlle 

btllk RI1Cl contnctR of tll~ semicOIlductor nll{1 1,ns nl,;rl1({cnflt ~ffcct 

at large forward }>1as, 

J f t) Idgh inJectIon current ~"herpin at r-eltAive1y lnr1-',f' fnnol,lrd blnB the 

rn.illority e;Jrri('r dctlrdty br:!comen comparahle to thf:- majority !.:nrrler 

lv) tl1tlnelinp, etlrr{~nt effect at lot·, fOrHl1rd hJnr; nnd 

v) Aurfnce effeCi:D caused by defects on th~ Bllrfnce that 11nk Un'! 

conductf.on balld l~tfll:eR to the valence I);\pd !jl.ntp~, :lf1d c.rente fl 

shullt rnth. 

At ilIl lnt.ermedinte hlf\B (i.e. voltage rnnge over t.,lhJ.eh most LEDs 

Hhow relatively efficf.ent performnnce);- only recomldrHltioll current competes 

'".ith diffusion eurn~nt ilnd the lnfluence of the Q'fft~ct of nl t the others 

can be ""glected. According to w",20 recombl,,,,Uoll rate !\ Un units of 

(2a) 



Hlld rd(>,-·tcofl cnp{:,J)'(' CPI (-:~\ :;I'CLion!l" j"(~SJ)(:ct tIJt'ly) 
.' 

It:lJ.t>J j Et tht"! Jutrin~1ie Fermi l~vel and ni the .intr {ll~dc carrler dens1.ty. 

At noncqui1 ihrlllin cOfldltions, 

lIenee, suhstItuting for pn in e'l". (2n) yield" 

"'p l)~11 Vth Nt nj"[exp (qV- !KT) - IJ 

-;r11{I1-;;;~- ~~I~I( ;;;-t-~-l~~)-; K'l; IT;:-~1) r;;~ i "X ;'-T(r.: ;~:;;~ j-iKl:l1 Ub) 

r;V VU, tit "1' !exp(qV!KT) - II 
.-~~--.-.-------.- ---------.---~~--~----------,--- -------- . 

n + p -I- 2"J. (2e) 

But ~ s1.nc-e 

Hhere 'l' is the potential of the :lntrfnslc level", H 1j!H,tlnlCS maximum value 

In tilB depletion region whull 

d~ VUINtlll." !exp(qV/KT) -- IJ 
.--------~.---. .. ------->------.. --.-------------------~._----

III r exp[qV!2KTJ -I- exp[qV/2KT] -I- 2 } 
l -

Ud) 

for V ) k'f'lq egil. (2<1) ,-"dlleeR to 

(2e) 
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Therefore, the total [on-lard eurrent deIlsIty for Pllo»n
po 

and V > (2KT)/q In Riven as 

ThIs, for Junct:i.otl of conotant au~a r.educe:>: to 

I ~, I" exp (qV!KT)+I r "Y.p('1 VnKT) 

lhe first term on the eight giv~w the dJfru:-Jiou Ctlfc:ent and the 

second Hith a factor nf hal f In the exvonentlal terrn feptCGents th(! 

recol11hinatlon clirrent. 18 and It give r~verse gatorntio!l CHrrents of 

tnke~ core of the ~e'i'teR re8tstnllce effect. 

O~"ing t.o the fact that tlw .total current dl'fH>nds 011 tt.)O currents 

t1hlch have t\<,10 different exponential df~pelldence I under (onlnr-d bias) 

eqn.(14) COllld be given itl n more compact flIld experflnentally suttal,ie 

form as 

I ,; 10 ext' (qV/nKT) 
(5,,) 

to!here 'n' the Iden1ity factor, i8 (~qual to unity for complete 

dorniolltlCe of d!ffuAi.on current over the- rccomb:fILH fOil cpf-n'!llt flnd tH 

equnl to tHo for the rc>verne ens€!. 10 in cqn. (5;) t!1 " complicat(~d 
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1° le:vtd ilnd the. concentration of the I:rflpp:tng J pvc j S J. 

lhe rec.iprocnl of the H1.ope of l-nt ag,ntn!->i- voltage yl~tdH the 

value of tI,e ideality factor: 

n ~ '11K T) ['0 V ra (J III ) I (5b) 

1.1.2 Junction Capacitance 

lmportnnt infonnntlOIl about the nature of 1'110. doping f:oncentratioll 

and profile at a p-n jnnction can be ~xtrncted from the me<lsuremclltH of 

the Junction cltpnc1t.1IH'C pnrti~ulnrly under rel!C'f.'lf> IdnH. III tld!~ en~e~ 

the capacitance fA wdnly affected by doping coneentral fOil of donor;; and 

tance. Under [on'Jilrd h1<1!:3' hOiolcver, rearl'anr,ementB of Illinorlty carrJer 

den9ity hrings ahout dlf fusion cHp(jcitnneQ till t eh coot t fhut (~.":; to I:h~ 

depletion layer cnpncltancA, 

To obtain depletiol1 layer" cnpacftnll(;e j statl:jtlg [rom Pots~on~ 

equRtiOll and making an nbrupt opproxJ.oltltion21 

, .,. 

(- fj!<vkI.) ~ o'ti?J X ~ !'(x)/t,y 

~ ('1~ ) I p(x)-n(x)H1n+(X)--Ni\(x) J (ha) 

(-~ 'lV/OX 2
)," ('lie!! )(Nn-n) (6b) 

(6c) 
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which for one sided abrupt junctIon give" 

• I. 
[(2 ~8/q)NB)(Vbl - 2KT/q)l~ 

where NS tt NO or NA • 

(1) 

(Il) 

(9a) 

(9b) 

Evaluation of the depletioll lay~r capacitance u9ini' this giVe\l value 

of depletion layer width rcsult. in 

2KT/q r':i (IOn) 

The ,+t Bign 18 for reVerse bias and the '-.j nign is f!Jt lorward bIas. 

From eqn~ (lOa) the slope of(1/C2
) v~~rSUB V (:to:ve is gJven hy 

d(l!C 2 )/dV w /./('1 ~,"Nll)' (lOb) 

Nil could It" obtaIned from the »lope provided 

known. The illtercept of the curve (8t .l./C" ~ 0) giV"3 the built ill potentIal. 
> 1--

1.2 GROUP UI-V SEHICONIlUCTORS 

Lumineucence Is observed In mim)~ of the binary corqJotmd semlconciuc·-

of group lII-V which c,onsist of both direct and indi,'ect oDnd gap Rnd 

in group Il--VI all of which nrc dil~ect gapped 8e!nieonduct,)}~s. NevertheleBf;; 

only feH of these btnnry compoundH have gained CO!il!1H--'fclnl interent: because 
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O'f t(;!cimologf(":al ,'1;n<1 econnHltf~ rnctllf';1, Tilt' ni~f>.d fil( \'JJd(: Iinn(! gall :.,('inlCOil-

lalloys (i.e. combination of two )Jill;lry COlnpOtt)ldR) as pruette;t] LEDs sin~e 

in Buell alloys energy gap CRll be alcere(i, At WiJ.l, !JY VilryLrlg tile C(JI!IPO-

sition. 

From among tIle terflary all.oys, GuxAl1_xAs is importOllt for its 

direct energy gap which extends upta 1.geV at 300K and hecpuse of the Amall 

mismatch between Ga As & Al As cOl11.pOUnd822-·2/~. Inl"~x Gil,;.:: P has also a 

direct transition EL peak whIch per.sists up to an pnel~gy of c--J 2. 2eV 

(xc ~ 0.711)25~26. nellpHe the advalltages that the." two alloys have, 

Ga ASl_xP" LEns 'Ire leadIng comnwrcf.ally <I,,,, to the aVili ]"b.!l tty of GaA" 

substrate und for their ease of groHth and juncti.on :fofmatlo1l 27 . 

1.2.1 Ga(As,p) Ternary Alloys 

The advantage of Gn AE:l .. xP>~ tr~l-nary nlloy over: its btnary compounds 

(GaA4; & GnP) is its BilnpJietty of growth. Besfd(8) .'lf' thf'." cnrnposLtJons of 

As & P vnry in the 11110y t the band gap r:h;:1nges from til(! lllipfmum v.:lIUf~ in 

GaAs (Eg • 1.424eV at x • 0) to a mnxlmum value in Gnp (tg a 2.261eV 

at K B 1)28. This ShOWB, that Ca P 19 added to GoAs for- tlw nole 

purpose of increHslng the energy y'ap~ Ga As i8 dh~(~ct energy gapped ~olhile 

GaP is indirect but there exists 8. cr:ttical compQs:f.tlon vnlue at \"lltch a 

cross over from direct to 5.ndi·~ect take" place (Fig.2). The cdtical cross 

over value is Xc • 0,1 .. ) at JOOK According to S2'B 28 Dean29 nnd otho1'8 30 ,31 
y . 

but further investigatlons by a number of reseat'cher832-3~j h.<1Vf~ shm'Hl that 

Xc ""'" O~49 at 300K. Above· tId_oS cl'itir.8J. vaJue, i:rC1Il~>Jlton from direct 
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(Ha) 

EX(x) • 1.907 + U.144x .~ O.211x· (l.lb) 

In LEOs, the color is determine.! mainly by the cnprgy gop and hence 

the eompogjtion v:rfiatfon alters the color~ For instance 1 in G11.(AB,P) 

('7\ ~ 632nm) ea ASO.15 PO.H5 emit" yel101I (1\ ,e Sll9mn) nnd G"P p,nits green 

('.~ 510nm) 37. 
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Fig.2: (0) compositioIlal dependence of the dil-ect and Itlilirect Cltergy 
band!)1\l-' for GaA~l_xl\~. (b) Schenlnf-tr: erl('.J:gy alld rnOnlentUl!l diagr;:tlll for 
Gil AS1~}{P}{ for diffel~ent alloy eomposit:lofls {Aftr·.t s),:-e 2n 1 
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llOOj Or' X mfnima bCCOl!1C lOt<lest 111 e~wj':gy. TIds takes plaet: for X > O./15~ 

The series re8istan~e alld tIle fotway,! bias Vol.tAge of tile diode~; 

inel"eaR~ ydth the phof>phorOliB content of the erystal. Tho inercaslJlg 

composition of As in the alloy ben Ides reducing tl,. indirect band gap 

enilBnceA the absorption coefficient at or very near the l)nnd gap due to free 

cxcltons tllld free Ilole electron pairg 22 , Tile reneO!l for tile erlhanCClnent of 

thin absorption is due to the fnet that: momentum ts consqrvea hy scattering 

at the As impuritieH. 

LightJ.y doped diodeu of Ga(As)P) hehnve 10 <1 mrl1HH)r simlllu: to 

CaA'!> in the direct bond gnp region nnd siltoUrtr to Cal' 111 the indIrect 

ballet gnp region. 

In thtt indirect regton, no tranGJtion can take pll".-~e without hnpurtty 

118Hintauce. Here lnumentuill 1.B COllBcrved through UJ(>. nbsot-ptJon or emission 

of pilOllOH6 eaeh HJth onergy 'h6.) .lnd approprtate \<lllvevcctor Kl' such that: 

(12) 

In direct transition t no phonon is involved and photon momentum t8 

negligible. The iltop"ritieB play the role of conncrving momentum by 

Bcatterillg. Stlcll trnllsitiuns Are less ,)r()b~ble since unltke tile direct +ran-

~i:l.1.f\II~, if) the Indf.roct trnnsitlon8 the HvaJlnhLl J ty of phonoils (.lith 

suitable momentd 18 CSSclltial. 
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),ot.) }:adlaf"ive rC'colHblnutloll proIHlhl.l1{-y fot" Jllt):ill<ll.c JHllljnc:s('(~nCll 

gap ::a~mi·c0ndu('.torH. Tit~~ need (or Jmpurtly eente"fS ~HH.:h as inoelectt"ontc 

t'raps Hhfch 81.gn:fflcnutly J.ncrease tlw :radiattvc rec:omhlnntlon 1.n lndirect 

band gapped semieollductono: is therefore very high. 

1.2.2 lsoclectronic CC11ters 

The "Hi.ieney 109s in the indirect region of (1aA"l_." J'x alloys is 

improved by an introduction of iaoele.tronlc traps to the crystal. An 

lsoelectrouic trap i8 an (itom of the same valence as tlH~ hOB,1: atom but ,,11th 

larger eJectronegntlvlty if it 10 lighter (f.e. in the upper row of the 

periodIc tahle) thall the hogt I1tor,,38. ThIs is because of the rdattvely 

exposed nuclear charge and it acts as an electron trap. Alternatively,. if 

the BubfH:1.tuent ~'1tom 5.$ henvle1J it actB liB [t hole trap. Once the eJectron 

:fs bound'j the JnocAnter J8 chHrgcd rmd a hole .is readIly trllpped tn the 

r~nl(ltlllg lOllg range l)olcntiaJ to form 8 botJl~(1 excilon. 

An exciton is H ftlobtle combination of Un pJcctron 11110 a hole at: R 

certain dJ.GUUlee- from each other. Exciton states ar(~ fOrlued through 

Coulomb lnteraetioll hetHeen fyee {~lectrons and holcBe 1-f the excitons 

Rre bound to ioni.ed-t'~uritieBI they Bre referred to ~R bound excltons. 

Suel. bound Dxcitons can decay (I.e. the .1actr~nD nnd ~oJ~lcDn recombine) 

at the impurity statos or .t the iaotrapa. 

An isoclectrollic CClltcr in obtni.ned hy dopillg t~e ternary aJJ.oys 

They HYe 

referred to ll$ atomlc or moJecuJllr i~welectrOlli'.') respnc~tv(~.ly. The 



nitrogen fo)." phonphorous to prudUCf! nn eJeetron trap level. Till'. bfnd111g 

energy ,)r N is about 10 meV btlt it flas a lllrge captllre oross !1cctioI1 22 ,39. 

~nGIl-'Op in Go P that induces ;j relatively deep recombJllaUoll level as 

A restl1t of Wllicll a low energy ret! RI, is obSct"ved. 

The me(~hanI8111 by HhJch <'in iHo(>lectr"onic trap enh<lpcen rnclintJve 

fe(;ombtnntion 1:::. deBerihed from the view point of the lwture of the 

electron WRVe function In tl •• presence of nItrogen 111 GBAs
1

_
x 

l'x. 

The modulus ot the to/ave fun<:tioo of an electron hOllnd to n 

nitrogefl isoclectrol1ic trap ill Go As L_x Px : N is ellllRnced neflr K = 0 -, 

because of the pre'"nce of 1'. conduction 1>""d minI",,,. !-IIle!] an electt'on 

is hound to the i,mllwllJat(' vicinity of the lIJ,trog,m Jlnplll'Hy, it i" acted 

upon by II short range potenUal. As the trapped deell'on binds il hole and 

on exciton is formed, tl.e excitol' is bound to the immediate vicinity of 

the N iInpn!'!ty. The hole in ud",i upon by a long range COli lomb potentIal. 

[n this UlflC, the Have funcUon of the electron ,qlld the hole ovet'],,!'. Dlle "< ~-' 

to tile overlap, no phollorl is 1tlvolved J\lTing the radiative troTlsiti()11S 

(even if the transiUon in jn~lirect) Hhen the bound excHolls decnyJlI. 

Iu other words, IsotrapR chanR" the indirect enargy gop to R qUBsi 

dIre·ct one. They have Ildvl'rsc effects III the direct band gap reg'lon. 



Structure enhaneenH~nt (BSE). 

In an isoelcctronic trap, tl1~ potcIltial uSBoc1_ated "ith N isoelcct .. 

l'onte irnpurlty in Qf fi~short range nntln'(~, Campbell et fl13/~ gHVe. 11 qunlJtn-. 

tive description of the behavior of N i.n tet.-nnry Gn AS1._x Px : N Btart:tng 

>lith the one electron SchrUdinger equation and obtained tile modulus of the 

Wave functlon of the bound electron tn momentum. representatIon in the form 

of 

Vlhere H is a COlwtant and 

conduction hand edge in th" region of the Ihtl10uin zone 1"bcled of 

~r1.. 16 a measure of thl! extent in (H1P..rgy of the coacioct1.01l hand ill the 

l{th reglon and C rJ.. 1.13 th(~ nonnalJ.:::ation Gonntant. 

The pt'obabJlity density l<,Dc(K) I? Is strongly afff,cted by 

the VnllH! of (Ke - EN) III the denomInator of eqn, (13) EC" F;p 

I ,., d 
at t Je conduction ban edge, 1\" shoull In F:lg.3] 

closer in the region a l~ttle bit greater thon tllR crOBS over point. 

This ShOWA DSE in this region. 
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Fig,"1: (<1) Hodulus of the vwv(' function IfIJdZ)( 2 ) of [Ill electron 
bound to N iSOP]('r:-tronj(' tt:flj1 Ln en ASt __ }: Px:n ;dong the 
SymmC'tf( line of thr' Bl°.iUouJn zOlw' .. "p-(b) IJ ro habi..1Jty density, 
I~ c(n) ?: of th~ bound electron at K """ () (P) fll (;[1 As}_x Px:N. 
'IIH~ optilnurn brir,htncf3!J llc,s ncaT tilt-' red orMlgp hOllnd-,]TY, bUL tbf' 
varJ.:1t lon L; relatlvely slllall throughout: the red ycJ 10\'1 spectrilJ 
rilligE', I i\f te,. em1phc 11 V,] 

effect of BSE on I1(}~plJonllll radiative trnllf.,itlon Is nccentu,1ted hy order 

frolH x 1 lI(>ar K " () the magnitude of ll¥e(KJ\" irlcreilses utlli1 fit 

x(~= 0.115 the prob<-lblJjty densi.ty at r pxceeds the value at X. 

J1e(O)} :l deU'flfliTl('S the prOUiibtJ it: den:dty for r;ldiatlve hotJl1d 

exciton recomblnntion. llt~nep~ all increase in I(fr(O)i? fndlcntt's an 

tnc[c'ase tn Llw rndiatlvc rec.ombinatlon. 

The i[,oelectronic trap has its nptjml1Trl (!ff[~f'L 11('af the trnnsltioll 

regioll ,H; cOl!lprned to the region Hhcf(, Yo: ,. . ..; I. Thus, the opt imuill l:ange 
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Effici.ent !1If11.1JIPSCI;!lce is observf'd ill LUh; if th~ rr.1ct-Lon of 

radtntivf-'- rc('olllhjnfltion exceeds tlie non r<ldinlivl? j-ecowhinaciol1s. There 

arf' il !lumber of f;lctorf~ infllH'rlcJIlg both rad!fltlv(' :1111.1 !lPTlradiiltlv(' 

recombinations. The Jeadjng factor 1:": the' dirpci:--llidirect nntare of the 

httnd gnp. nl(' rormer favors ri1diatlv!~ recoH1hLlll:lt·lnll~~. The othe," import-nnt 

factor is the effect of impurities. ShaJ to'." tntp ]eveJs favor iRdlntivp. 

recomhlnntions y,'h-lle dcf'p impurity lev(>J.s, V<1\:flncjf'~l' prC'cipltflten, 

d.isloc<ltions etr'J enh;!flC'{, nonrn(U.31:1.ve procP[·~~(>~~. YfJt, in SOllie C.::H;€'S (say 

In illdirect gap ;;L'lnicOlldl!ctnrs), a rellltfv('iy d(~('p d{)IHn~ and ,lCC('ptor 

levels nrl' pt-Edcrred 10 very shn.]}oH levels for errJclent l'ndLltive 

recomh lila t I on~) Til i S i!".; hecatIs{-~ 

i) t,'ltl! df?:f'P tmpurltics fnOH)pntum conservA.tion js easier due to the 

('xten~,f{lll oj t\!(> \,J(jl/C function throu~~hollt t11(~ W)m('ntum space. 

i i) recol1lldll<lt 1011 at ile;nest palrs does not. r(>quln~ tUl1ne1 ing. 

Transitions ill LEI):=; can take place ill nne of the' fn1]0\.,fng ~'!ilyS: 

j 1) free to bou1ld or vice-versa on donoi·H, acceptors or tsorraps. 

lJ i) I':lil" rf'collihilliltion at shallOH donors "nd ncccpt:o)"s, nnd 

Iv) bOllnd cxc:itol1 ree:omhirl<lt.i.on ~-'lt shallohl imput-ltil!S Hucll as Uw-

~;llb'51: i t u t~n t c_> • 
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In i!ldirl'('l (1';il1~-;i! Inn, ~;c'!er_tLll:i [-IILl' dr.il);lll<i:; l:)(!ll\('nl.;lIil LOll:;PlvatJOI\ 

by iOlli71.,d ililptJrfty ~;(,;ltl-(·J'iflg. 

III nif rOf,EIl doped oHlteyLds, decny of f'XCit-(l!lfi to hound nltrogen 

ntolll~~ dnwinalt> (Iud ill !l[lr{)g(~11 free I1wtC''(Jnl..'3 {~x{"it(}n (ecomblnation 

pr(>vial~;. rile free: to IHHlnd lr;111<;itioIlS are on tlH~ d()ll()r~~ or <lcr"eptors 

In thf' abs{,lIce of llitl-ogen 39 . 

1.-\.1. Hec(Jlf!h1 !I(!t 1011 1~ll1l'rics ill Ca ASJ--x p}: N 

Accordi.llg to Cnrllphel '- eL aJ J!j , Ga P : Zn-{}, Go f'~l~ .:~ Cn AS1~x Px!N 

hnvc nearJ y fh(-~ 5~l!!lP I ('("o!!1hllHlt ion models (;)s ,qhown in Fig./~) sillcP all of 

lhem jnc'(1rr)Or<ltl~ l~.;()eh~ctrofllc tlaps. The thrC'{' stntes or n nU.rog(~n 

i~oelectr()nl(: j(I!I)l!l-jt.y are 

1) til" iH'puril"y ("putral) state (I'll,) (F1g.l,b) 

ii) the hound electron (negative) state (N l ) (Fig.!,Ct ,<, e/) 

j J t ) 

1'/hC'fC' the l"f'cornhfn;ltion p;]rflln('tl~r8 arC' gi.Vt'fl in tahlf:' 1. 
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Shunt path which 
d(lE'!> !lot tnvolvf' 
N isntr;)pf~. 

I~Jectron CflpluTe 

hy neutr<l I (Nt'). 

ft results til N­
t 

Fig,!,; 
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NfHll"<1r\i;lt iv(' ref'omhi-­
natioli of the bOllnd 
(~I('ctr{)!l vl!l"h ft'(~(· 

ho 1 e, (N~ H'l!lili-ns 
. , 

behind). 
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Thermal ((,jP<l!;t;> uf. 
the bOltnd elect/nn 
tel (:8 (N~ l'0m;lffl~ 

b,!lllnd) . 

.. - __ ~ -----._--_.-0-." 

NOllfndJnl ivt:! rceomld- R:ldlativf' rf\-

natinnn of bound ('()Iilhfll:lt-\nn<., 

exciton. of b()lIlld 

1~;{ctLnn. 

~~ ~--....... 

4"-·--·--l!·~~ 
( (;3) 

Ho}e cnptnre hy it 

hOllnd electron (1.f'. 
(ormation of n 
hound (>xcitoll N~X) 

j)if{~;n(:i<lti!)n of Ulf' 

hOlllHI lin I f'. (Nt r(>." 

lll;tin~, behind). 

~~{'IJ(l1n<lt-lcrepn'~W[lt;)t ion of (!iectron holl' i ,>{'(lJ:lhlnation proces:'H'~~ 

in (;2. As 1 _>: Px : 11. [Adopted frolJl C,1fljpbej} et :11 36 10 CB-conduct.ton 
hand. 



Nt 

N~ (liP 

NCl{ 
t 

'1' . t' t-

'7' ('" ) 'r.t rtc 

lIi crogen .lsO(!ICCl:I_'olllC ti-ilP COIl('('llt)"/IL lOll 

concpntrntion of Nt-rnps oc('.upi(>tI (tlllo('('urdf'd) hy eJectroHH 

COllccntt"atton of NUn!," occupIed hy :I ~::o.l a ted electrong 

concC'ntri1tjon of N I.r n ps ocC'upted by e:<c i tons 

life time for band to hand radiative recombination at fi 

life t.ime at f'(X) for nOllradl<1tjv(~ rC(,OlTlhinatlon external 

to the N trap 

eJectron capture (thermal e!l\lf;s-lon) thw into (from) N trap 

st:Jt:e 

hole stAte 

tife time for nonrfldiative free to hOlJnd tr.:1flnition 

((;exr(lr~XIl) ljre tjlllt' for radiative (nonrndinl:i.ve) hound exciton transltion 

G injection rnte of eB e.Juctrons 

C0nef~l1tr<JtJon of excess minor tty Cilrrters in X(p) valley. 

III (fig.4a), tile Ilitrogerl lsotrap is not il1volved 811d band t(l halld 

recomhlnntioll (',in 'fHke pJace raJJatlvely ('f
d

1'r) or liullr<ldlntively 

(1:'l'n; 't"Xn)' Tn (Fjg./tb) an electron if> captured hy a neutral Nt ('Puter 

i!lld Nt Is formed. Nt has a Coulomb field around it. There ~lre three 

poss.fhiliti.es in this case. 

i) the electron mny n~combJne nOr'll'udJtlttvnl.y t'l.lth n holt' (q,-~Jl) 

1J) it mny "Iso h(' (>xcitl~_d bflck to !-h(~ conduction h<1!1d le<lvtng behind 

i'lt". «((' ) -' t-c: or 



Agaln, the bOllnd excitOIl con decny nonr(lciintively «(r.~xn) or 

n:ldlntJvely ('l:'pxr) or the hole may disf;OC]ate and h~' excited back to .the! 

va!C>IH:e onnd (It'tV)' 

Referring to (Fig.Ll)1 the rate equation:,> d('sc:rlhJng the recombLnatloll 

\ (dll/dt)~C- [Q"'/fi',l'(",/'t','")t ''){/1:xll +[(n"'" x )/'Cct )(I.-N'UN
t

) _ 

_. (NO .- N~X) / «.~ 1 
t l -' I.e (Ha) 

(1" h) 

electrons or hy excitons. (Nf -. N!'X)/ (i:t:c .~ Nt! '1:1c glves the frnellon of 

eJcTtron~ excited to the conduction band. f ~ Nr'{/Nr ts tile [raetjon of 

trapped eJf'ctrons I.n exciton states \.;hLch 1.5 equ[jJ to hole oc:ellpancy 

prohnbility on H1I electron occupied N trAp. 
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at to.", l'xcJI-.HlJon Jpv('I~; ('XfJt-Ol1iC hnl('~> <I(E' III lherlnnl equflibrlU!Il , 
with holes tn the valence hand &- f is equ:lJ to til(> equJ) ibrll1fn ·hol(~ 

at ]m<l f>j('ctroll JnjC!ctinn, ~Irlrf' N traps nr0 still 

far Fl-oln bcltlg sAtllrated. 

ilnd II "t
J

tc i· 1/ I(~n :~ 1/ fl;"tc hold8 for illJ crystal compositioIl,'}. 

From steady stf1t(~ conJlttons Hnd using the g1v(,tl llr;StITilptlons; 

( I Sa) 

(N t LN t ''X) IN IP 
" .( n t e x I ~\ (')15 ""v I n;'x;/+(t: v I / '(~ tv)r(i;, I / 'r;~ ",) 

f ~ [>j((~t/'?;'ex,~) +tCvti 't'tv)+(t~Jt/'(:CY.lJ-1 (15h) 

(1')<:) 

Interonl q\Janttlm efficiency is defined ns 

(l6a) 

",here ,( rtl.presf'uU; n or P, q is the eJectronic clwrgp i1lld 'il .Is a 

fraction of the output current that ends lip in radJative reeombination. 



TjlCfl'fore.1 'Ifq,l 

r(!('o!nl>fn<lt-i(lil~: , 

'O'd,J/dt -, I( (!\ildJntlve n~c()mbirliltj()n l".ltl~) 

iJHJng I{ In "'1n.(16:<); yIeld;; 

z q(dd/dt)/I - Rq/l • [ Jdevfc(' (16b) 

In the presence of :isoeJectronic trnps thls \ntertH-ll eff-j_{~it!ncy 

c.o1lld be taken as the Stlill of tHO U!l'OlS; (,ff1cieney du(' to fntr:tn~:;-tc 

trllnRitioll (~r) and (>fff.c;je_ncy due to trarwtt.:i.ons ~Isstr-:ted hy isoelec·-

tronie tr<1ps ('~'I)' 

(16c) 

Ii"lng "'IU"t!,,"" (J)il) "nd (l';b) ill (!()(.) yield.c. 

( lin) 

I ) I f' 1"-' '7' 10' -J '0-- I {ll'i'>e x r 'r:c xn (l-He t tt:~ n) + (11 f --[) ( q (t c)( P Xl' Yo n} J ' 

(llh) 

exprC'ssioll ohtiltnp.d for the quantum efficiency of a tL'rnary nlJoy 1.n the 

ahsence of N trap. The l'ec1rrocfll of t:hi~~ \!:11[1(' p,iVC!; tfJ{~ ratio of 
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of N ti'np ill reducfng/t/I' Thin j!ldjl·:\!r"~ tlit, Ijt'~"li 1,,(, ('(fl'rl of ~~ i".inp 

In AtNJ lhete iJre two term8 at· the dinoHlinnlor; 

The effici.ency /1l N .is bnsicnLly dependent on the nOllradtntilJf! lifetimes 

I.J.3 Minority Carrier Lifetime 

mi.nori.ty carrier density to decay to lie of ttf: initial value. The dnratinn 

An increase in IninOl"ity carriel' lifetime WOlI.Ld in(iicate all illcrease ill 

('fflciency of EL diofi(-!s. Htgh cnrrier concelltration \-lhich if; chanlCt{~riz[>d 

by free exciton] !\I1ger and othel- nOllf3.dintJvE' recornbi.nation~.; reduces 

The :recombination rate 1n the dcpIet:fo)1 layer is controJled by the 

sepnrntion of the qUclsi Fermi leve1~' \;lldch in tUl n i_8 determined by the 

majority c .. nrt(~I~ ,~:oncelltr;)tion and thL' <-lppJ ied vol tnge. Recomhtrwtion ill 

the dIffusion region On the othel hnnd is governed by the lifetIme or 

the injected minority carriers; a parnmeter I.>lhich is much mOl-e defe(:,_ 
I 

The c!ffjclency of Ca (As-,P) Ef. diodes hnlJP bee I! characterIzed by 

the nitrogen eoncf~ntral:Lol1s) m-lnorlty en_(r'ir!f 11fctimcs of both carr{c'[-s 

:lnd mnJortty <:~lrriel- c:oneentral:iotls or dopillg iC'lels (Nt>---L-l,) parr .. i/'u!.arly 
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in the 1nd __ :tH~ct region. hl tndfrpct g;lp <:;r'micondllctcn, the rn.i.nori i·.y 

r-nn"t(')" 1 ffet fIll' 1:; ',('J;}ti'!l·ly If)ll.g :lnd henc!"' !qIlF, dif fl1!;1011 j('n::~!!l~; ;)'-(' 

reqllil"c(i ill cj:fjclcllt mnterlal J9 , 

J,I, NONRAIlJATIVI': RECOl-lBINA1'JONS 

1.11.1 lJe.fectq and f)~"p l"'pllrtb~ i.eH!j,.~ 

Defects til ctYHtBls introduce lHl<.JjtioIlal. energy statef~ in the 

energy gap (Ind thus, additionHl extrinf'dc electrical and optical pl'oper"~ 

tiCR nrc m;111ifesterl. Tile defects can be I)()int (lef~{:tR s\lcll ~~ tIle one 

caused by suhHtltutinnal or inl(~nH-itlal lroput" II !f~.'-; or linE defects a~1 

di~l()cntjon~,. Be tt intf!ntional or unintplltU)fli'll. inqlllrlties Hhlt'h OCCIIPY 

deep level stntes ill"e one of the IlwJor are;lS ~"h(~re lloIlradinti.ve t-ecomh_i~ 

niltion!1 t<lke pIElc.e. SlIC'h uefpl.-t::; enn be c<1!1sc'd hy/!I 

1) discontinulth~8 in the lattice con~:t.']nt al chC': intf:tL-ICe bC'tt;'H':'l'n 

the substrate ;1nd thp epltRx_L::11 J<1),(»- (f.p., L1Lticl" miSl1liltch) 

it) difference in tiH!rmlll constrllctJon to compounds (~C1y Ga}l f.. 

on cooling from gro\>,Jth terup(->Jatun~ (i.(~. difference in therma.1 

cXI)nnsiotl ~hefficient), 

Deep stateR flr~. not tontzed nt room l:e1l1p('r'ltllreH. Helativ(~ly wllflll 

conceIltrations of Stich states call cOlnpete with S!13l1ow activntors GUCII 

the nctivators. They, then~fol-eJ provide ;In aiternntivc (shunt) path for 

tl!f::- mlnority Clll"rfcrs injc(~ted into the EI. djndf_', Sll[]I('l t!flr~!;, tIle t:)'()~;!-;-
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cnt1.o11s Hldch ·;let as an pl-i ieLf!ut eller-gy los~:, 

NonradiatJVf! surface reeombJ.HntJon can also fH' the cause for 

efficiency lOBS. It C3n occur ,-,hell n continuum or quasi contll~lIlIlll ntntCls 

join the- conduction- band to the v::IJcnce bnnd. Such sllr[ac(~ reeofllblnat lOlls 

mily be enllnnced by pore~. grain bounci:lyjCG nnd dJslocntiol1s. 

As deep trap {tensIty decreases t Ef. ,!fficjO!lt!y illcreaRes SiTl(:e 

s(ln(:c chnl"ge recotnhtnntlon f:un:-cnt dpcrcaneH nnd thr! (~lr:!ctr()n d I.ffllr;iolJ 

length lncrea~es thereby alJoHing lnjected r~lin()ri.tv ('nrrlC'rr: to pcnt~trllt f' 

decrens('sns junction temp(>l"tlt'un?!s lncrea~w. 'rllis Jlllplle::; thAt 3g tempf~rR·-

ture inere<lsP[;, 1l1Ost of the recomhin;ttton PH)Ct"~Sf;('S HouJd h(> [lonradf':lt.j_vr~. 

\4fdenlng (s:lnce ;-H hjgh doping or hJgh f'y.ci t}]tJon the conductlon hand 

population itlcrenscs 3Tld the Sre~lr[lm is silifted) ilild reduces ~!ffi(:ien(:y. 

~) It also J)roduccs tU!lne11nl~ break dOHll at relativQly low voltages J • 

1.4.2 Auger Re~onJbiJlatiollr 

Hhell em electron transfers (rom the eonductJon b.'Jlld to SOfnC l(H.JI~r 

energy state, it may rAdiate photons (radi~ti.VE pr(lcess) or pilonons Ot" 

1.1: mny transfer :l.ts energy to another free e]eetron or hole (lIonr:Hll-

nt L\le pt"occss). The Llst process is f(:'feI.Ted to ;18 an Auger procp.s[~. 
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An I\l1g(~r I)"oc('!:,'; I.e: nn ,_··.(:tl1ipll' nf (il) Ill! l-ln!~I(' 1I()!lrn(II;lllv(' 

fi'ei-: cllrri.e[~H in the region or t:ht'~ gemJcnnduct:o)- \'lhp_r{~ tlw rndtntJ\'e 

recoinbintltlon occurs. Auger proce3s can arise as n J"esu]t of 11igll dop-

ing. The effecl of Auger recOJilbln;ltion on Jnt.cl'IW1 efficiency in 

moderately dopc(l ~:en:jconductorA wi.tll wiele l)nnd galls is llot J.Al"Re. It is 

insignific[lllt In illdjreet gapp~d 8(~lfIlcondlt{'tol·G. 

Auger teeolilbitwtJon can t£lke place for bound Oy.cttons nt ne.utral 

dOllors or it can 8190 illvolve fre0 carrierR. In such an Auger rccomhil1o­

tion, all of the exciton transi.tion energy appenu, <10 ktnctic energy of 

one of the parf:tcles. It mny occur even for pxelt()n~ bound to Jsol!lec-. 

tronic traps if fl mechanlsm (>xiRtn H'hereby l1 third eJcctl'ordc p<lrtlc1e Clln 

interact witl} tllP /JUUlld excj.ton44 • 

1.:' DE(;!{ADATlON IN EL DronEs 

Dpgrad;:lti.oll :f~~ effictency Ions that is obscrvod in EL di_ode,q as a 

function of opcratton time~ LEDs, unlike other Ltght sOHrees have a mer:i.t 

such that hefore compl<lte fajlnre .is observed illtellsjty loss 1s manHesten. 

T~liH efflclcrlcy Joss cnn he caused by surface cotltnnllll;ltfon or I)y l)tlJk 

phenOHW-llrt • 

The: main reason for an t~fficiency 106S in EL <liodes is due to 

ClIlTellt stress under forward bias (i.e. bulk "hellome",,). The forward 

hlos bril\ga about tW() effects on ti,e EL di_'Jdes~5. 
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if) An addltional mechHnl.cnl t~f[ec.t ;]S'~(}Ci.1ted vJ1.th a 1arge thermnl 

gr<ldi(>nt ncar the active layer is also ohfiervHd.Junction heAting 

In LEns brlngg t1botlt thermal cxpan~d.on "\oJh.lciI Js Bufficient to 

generate lattice defects 1n a ulliform material. 

(;eIlcration of defect cellterR ill tile course of op~l·atj.on is a 

gradual process. ProgrcG3ioll of !llul.tlplieatlon of Intttce defects. is 

observed once n defect is form«d due to l:lle effecti_ve sllear stress 

Rctillg on tile dislocntiol146 , TIle effect of gll~tt defp(:ts Ls more pro­

nounced if they are iIltroduced within d_LffusioJ) lengtll of tIle p-n 

junction since radiative recombination occur~ \·i1thln this tC'ngU/d , 

It may h.:1ppen that through tjJ!H-.:! ~XCf!SB COIl(:cntu:tt fon of doprtnts 

mOlY nrise tn the recOlnoinatluf} region or out. of tolerance v[Jri.1.tton of 

concentrat:l.on of 1ntcliUoun 1 dopants may be oi)served. 11) ~ldditionl 

surface f lO~1B due to mechanJcal damage in. hnlldlin~ or c.heroical contamina­

tion enn olso bring "bout degradation. Tile degradtation rate Is hlgtl for 

increasing etlergy gap within a aeries of semiconductor alloys. It is also 

<lccelerated by sfilnU particle size, hIgher fir'illg allq higher ope'cating 

tempe·rnturcB ffH • 

lfnlJke radintfon damage, thennal annealing enn not remove degra·· 

datioll cn\lsed by current effe(:t~7)49. TlIUS~ dl!gradntioIl due to hulk pfle-

(IOmella is pernl8flcl1t wtlcrens dl!grnliRtioll cAused by Rllrfoce effects may be 

impr-oved by chemical etching. 
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ill this e/!nptel- J l.lte ti.'lmple;, £Irk ~;IH~c_ifi('(1 ~lllU jlistrnmcni:~~l ;llld 

expC'rlnwntnl proeedtn-(C![; tlre descLIhed. Tilp mnin purpose of thts \vork 

Hns to study a.11 pOBnihle electrical find optlcrd propcfticB of EL diocks. 

DI1Ytng the t'lOrk tl Hide 8pect~~um of pC:lrameleu-3 of EL diodes 'd('l~(' determined. 

An nttempt ,,,as madn to co~~relatfi GOIllC of these pFtrallleterB. 

2.1 Sample Specification 

There were tHO SQts. of EL diodes llvaf 1:11>1(' for the expeilmclltnl stl1dy. 

In the first Ret, there wer~· four groups eacll vdth !'>cven snmpJe~}. Thes£..> EL 

dJodQS Here Ill,Hle by TESLA ELECTRONICS, Czechonlovnldn nnd they ~'lere 

identified Ba RED (LQIIJl). lobeled. Rl. H2. R3. 14. R5. RG. R7; ORANGE 

(tJllldentified experi.nwntt-l.J Bamplcs H_tthnut cntaJogue lllonber») Jal)(~J.('d 

°1. °2. 03. 04. 05' 06. 07; n;LI,0l41 (LQ 11<31). I.nL01",t 

YI' Y2. YJ. 1"1 .. Ye, • Y6. Y7 and GREEN I (U) llJI). labnhL 

Gl. (;2. G). GI,. cs. G(,. (;7. 

In the Hecond fwt, there ~'lCl'e tHO gt~ollpS of EL diodes conststin?, 

of th.-"" sml1plcV !l(lci1. These sAmpl"" 'Jere made hy RIIIJIO SPARES (RS). 

EI}glulld and were identified as: 

YELLUH II (LEIJ4~-586--1,97). Int."l.,.!, ,Ih. Y2, .V]. and 

GHEEN II ( LEn l,-5B6--48J.). la"eled. gl. g2. g-l' 



F.lect)-jc:IJ Clnd opi:lcal shtdle8 and band gop measurements Here 

l';il'i Lt.;,J uut lOl f';il1:\1 uf tI-p; '1!~ :;nlllplc:·, tlld('I)(~nd(;ni Jy. /\~; to the' (>Jectrienl 

P_!_!)P!:'! C t(J~,; --\I :1I1d C -IJ chill-aC'.tcr.lGtJc!, r;t-ud1.e~·; ,-}e['e made at fon-lard and 

l'{:'verse hl:--Ui, n~spectively. Optlcal propertieB \ .... ere ntud:fed by emission 

alld J.ulninosity nlcasurements. Fi_nally, tllermal 1>811d gap mcusUretnellts were 

m;tde. 

2.2 Electrical ~teasttrem(1nts 

i) I·-V m(~asurements Here taken at room temperatures ~.J'lthln voltage. 

ranges from 0.0 to .· ... ·2.5 volts. Stabllu!1 620511 dual de lIewlet~ 

P,"~kHrd (111') pOI,er supply wa$ used to bias the dIodes. PH 2517E 

l'hU ips dIgital voltmeter (of 101-13t internal resistanee.>2% 

accurac), and lmV resolution) and HII 11i\ LeyboJd Hcraeus (LH) analog 

01,,1 tJnlPt,,,· (of 10 ~In- internal resistance)'. 5% accuracy and 0.01 nil 

res()J'ltiorl) were used for voltage. 811d cllrr~nt measurements, 

1·PSP0(~tlvely. EXllcrimelltal setull for tile }·-V mcasuremcl1t is sllown 

1-n Fig. J. An attempt to study I·-V charncterlstics under reverse 

hins 1188 ralled since the reverse currellt was below the reBal,tltion 

pOHcr of the HAIlE multirneter. 

'!'emlJCrnturc readings were taltcil dllring l-~V measurements of eacl, 

diode. Evaluallon of the ideality "factor n waA made from the slope 

of the linear region of 9.n1 vs V graph. Curve fitting ",as done by 

tile Jeast square rcgressioll Inethod using 1[-59 programmable 

ralclilatur. Plots of I·-V cllaracteristics f(lr representative samples 

of e<lch r,rollp tlH~ gtv~n in Fig.1) and mean IJflllleS of ideality 

tactoI"S in tnhLc 7. 



Fig.5: Schematic Diagram for I~V curvo meaSln-ement. ELD stands 
[or eleetroJllmfnescent diode. 

to (;"V characteristics studies Here made 10" eileh diode lwing E7··11 

(USSR) Len meter (of an occuracy better tl,an lOX) at R frequency 

of 100llz, The dIodes \;.,'e reverne hi:lI)ed us lug Ill' 6205B pOHcr 

supply, VoltDgc reodings wcre taken using PH 251lE multimetcr at 

intervals of O.lV over the voJ.tage ,"anJ!0 rl"UITI ()·-4.B volts. Tile 

setup:is ShOtln in Fig.6. The capacitallce, itS mentioned in the 

I theory pnrt Is relate.d to the voltflge as C t ___ ' V--'"j for an abrppt 

junction. Plots of lie' vs V Here made far ench gl:aup. Curvp 

" 

fittJngs \'/Cre agatn made usJng tlw leaHt s<ltlare l~ethod. Concentrll-

tions of the Bmoller of the impurities (Nn or NA) and built in 

potentiuls (Vbi) were determined from the slopeR ond ti,e intcr-

CC(lts, respectively. 
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Fig.6: Scitemntic of C-V curve measurement. 

2.3 Optical Measurement 

t) 'fo correlate photomultiplier current to the diode current, photo--

multiplier current measurements were taken at dIfferent diode bias. 

For thiA, the djod(~ HUB kept tn a confined box. where no moasurable 

amount of light could enter from the surrou"dingR. A l,ole witl, 

the dlmpnsion of the diode \ol<.lS made on one sJ.d(~ of the box. The 

lir,ht from the dIode was directed to tp3Y-79 (USSR) photomultiplier 

(',1Ideh has a m,1:dln"III sensItivity range I",tl"wen I,()O - 4/.<) nm) through 

tldB hole. The photomul tipI1er was biased by (l 2K 369 5KV Phi.} II' 

IIllrris de pOHcr supply. Care wns taken to keep elJery diode at the 

SHme orientation and at the sam. dl.stance frolll tllB photomuJ.tiplier 

every time. The experimentHl nrrang(~ment is siloNH in Fig. 7. 

~"_1""j! 

\" I ~jJ.. 

--p~~.lfJ~~ C~ 1 1~ t 1.3 1 410 5 1 6 t r 

~,~.~~ gl] I, 1\ 8 13 8 til 8 . 3 
- -,{) - } -- -,--~~~-".-~-t~~) 1, ---~-------.-~---------------- l: _____ ~ -- _~-=' 

(f,) 
fig.7: (n) Schernati(: dia"rnln for ItlmitlOsity Ille~surenlents. (11) 

{:ompOllcllts of the photolnultll,J_ier. Unshed litlCS itldicate 
dnrk box. 



supply In th~ t"ang(' hl~tHeen 1.?V -- 2.SV. ~lA Iii: HlultJmetet- l ... as used 

in the mtcroampei"e range to take the photoflm] tJplier current 

readIngs. PN 2S17E and !-IA JE LeyboJd Ih"iiOltS multJlneter (of 

lOHjl lllternal resistance Hnd 1.5% accun'l.cy) ~'Jere used to 

measure di(}de voltages and curr~nts, rCSl1ectively. Tile natura). 

lognrithm of photolnultiplier curr(~nt nnd dfode current Here tnl,en 

nnd plotted against diode voltage and cOlnparisons of the depen­

deflcc oE bOlll currpnts on voltage were lnil(ie. l'llls, in our 

laboratory WI[< the nearest substitute to study LIV (1.uminosity 

and current versus Voltage) Chn.l'Hcteristjcs. 

i1) StUdy of the emiss1.on npeetra of each grollp of EL dlodes \<lUS 

made uRlnR 60741 Hilger Constant DeViation spectrometer and 

q,3y -: 79 photomultiplier. Tht' photomultIplier Has biased hy t,m 

52237 Leybold Herseus High Voltage de power supplies connected 

in series to get an output of 2300V. It allowed to read maximum 

sensitivity of the photolnultlplier. The voltage of the photomul-. 

tJ.pUer iln§' me"sured by DGHl Voltmeter (of SOK),1- /volt Internal 

resistntlCC and 1% accuracy), Photo£urren~ measurement was made 

by HA 3E muhillieter. The stability- of dio(lo voltages and currcnts 

Were checked using PH 2';17£ nnd HA 3E mul timeters, respectively. 

TIle experimental setup is ShOHIl in Fig.8, 



· - 4 () 

Fig.S: Spectral Chnrncteristics MenStJremcllts. D~lrk lines 
jndicate regions protected agltinst ligllt from the 
surroundings. 

Befot:e takIng readillgs) the calibration_ of the spectrometer ,"vas 

checked by n ~~odillm discharge lamp. Necess'ary calib)·.nt1.on "'a.S done for 

tile ll!lotolnliltijllj.er SI}cctrai response us is given in tile correction 

cnrve of Fig. 1:1. S In~e the 1 ight emit ted from e'leh diod" I>laB small and 

a ~:;l:l.ght eXlenwl llght could affect the speclruni, much cll.re ';.ms taken 

to controJ thl' ("ff{>~t of tlw externn1 sourcef-:. Correction l>1;)S mnde for 
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phoI;OlilllltJpJi('_1" l:urrcttL agrtilwl \<Jilvctl."Jlgth W(!~·e t.n!t.(>!l by vRrytng the 

Gl1BC; 

n) wavelengtlls Bnd peak emission cllcrgieR of tile (tio{ies were 

deterulined from tile wavelengtlls corrcaponditlg to peak enlissiollR
t 

b) emissioll spectrn were studied f(}r eaell grollP at different diode 

currents. Peak ellli~(d.OflS Here determined at 5, lOs 20 t, 30 mA 

diode currents to investigate the existence of peak nhUts \;ith 

dJode C1Irrents and, 

cJ comparison of peak emlsslon intensities \vere also made for the 

diffcl'cnt grollpu. 

Thermal J~;lnd Gap Measllr~m0nt ", 

In tILts expcrtmentHl t"rork
J

" fjnnJ att~tnpt \».1n Ill.1(h~ to determLnc 

thennHl band gap of each diode. For thls s due to Inck of thermostat, 

102 Fisl1er overl was use(l. In addition, becuuse of low sensitivity of tllo 

meters} it was not po!~sil)Je to carry Ollt this partlcul~lr experiment wit~ 

the rHodes under revcn:;e binH. Rather) mP.:Hl voltages nt Vlhich the icleali ty 
:~. 

factors (n) in (1", exp(qV/nKT)) assumed COl18tllnt values (j ,e, 1.6V for 

Krcen ftnd yel.lO\", 1. 7V tor oraJlge and I./.V for rf?d EL dlodeg) t-)cre chosen 

to bias tlle dio(les at constant voltages, Tile voltages for each EL diode 

were chQcked by ·V.78A IIcH.1t'tt Packard llIliJ.t1lilete( (of lO(JnV r(~solUlion and 

input reslsuHll'}~ exc('eding lO lPJL) Lo [our signi.fJcl1nt flgur(!s. Seventeen 

EL dlodps ,",en" fixed to .1 circuit board and placed i.n a hOY'i.zontnl pos f t j on .. ~ 
t:~ 

~; 
j. 

~,. 
(t 



[J:od tl!p dIode!; \-,i(~i_l' 11!.'dLt'ti llfJlO () !":(:tnper(l/\lr(~ or 70"(~, Thf~l i~c1ll1)(~r3ttlIP 

vItiA the maxtl1lll!1l ltrntt. for the EL diodes IIsed JII the expertrnent. Siml1JtCl-

nenlln current <lilt! temperntul"c rC.1djnr,t"'; ~·!P.l-(' tnkell fnr (>(1('11 diode in tlw 

process of coo.llng. riA "lE multimeter Hi}S lIsl~d for currenl- mCilf)Urement. 

Tempern.tlJfe rendlngs Here taken vJ.ith a thcnnolflctpr \'lhich fwd a range 

Readjngs were t'lkel1 front 

700)C d(}~lIl to room t~rnpprnturt~ at tlltetv.-:Lls of about SoC. From the read-

tngs, ~nl vs (liT) WllS plo~ted and erlergy gaps (Eg) were determtned 
n 

from the !;J op(>r;. 



1.1 1-\1 C}lnracter1stlcs 

The l-·V clHlracte:r:lHtlcs study revealg thnt there extr-;ts a If.nenr 

rep,1.on 1n the 9.nl Vf-; V curve (Fig.f)) Hhlch extendH over nhout t\>/O 

(Iecades (Jf voltnge (1.5V .- J_.7V) for Inost of tile diodes except tIle red 

ones. In red EL dJ.odes hOHever) the li.nc[lY rf.~glon exf:!'nd~) over abollt 

four decades (I.! - 1.6V). 

Tht"' lI1ellll vnluf',q or Jdc;-dlty r:H.:torr-l for {l<l('"h gloup (,valuated fnml 

the slopps of the lint!l-lT fegJon:> by turv(:' fi.tttng .11'(> given fn table Z. 
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Flg.9: I··V cllarncter1stics 
or ttl~ repre~el)tiltive 
snillples from the fil'st set 
(a) ano the second set (b) 
of EL diod(~s 1IIlder fOr\omrd 
bins. The f;[lmplt:l.,s \'lere 
selected on the bonis of 
their ideality foctors 
Wilicll Urp closer tu the 
Illunn v.11nes of their 
respective grollpS. 

lb) 

'fable 2. f-feim VnltH!R of IdfO<!tl'fty Factor!> (11) 

H(U.Hl 'n i Vglue 

GHEEN 1 (U) .1nt) 1.';3!0.16 

<roLLO{, I (Lq lio'31) 1. 65 c 0.06 

ORANGE (lJllldcntif l"d) 1. 29 :>~ 0.02 

RED (LQ 1131) J • 71, ) 0. P 

1.94 + 0.07 

1. ill, ! 0.06 

, , 
, . , 

1.5"].7 

1.6 .. 1.8 

1.2 - 1.6 

1.5-1.7 



c:onsl:"--lllt HJoPQS belf-Hi t vntt (Ot' <: 1<),-,7 1\) f~xC(~pl in the red Er., diodes. 

The idealIty factor tn thiD n~gion highly exceeds 2 flnd the curr{~nt 18 

neither due to dlffllston nor due to nc!cotnlJin,)tion. \'Jftilln this j~nttw~, 

tlH! current is also not JnLtuf!i1ced by tt"?:fi'ipcrature. In. such 10\>1 vottHges, 

tlw current lB hasicHlty prf':'.do!n1nRtf~d by tllnnt~ltng (Inti tld.B J:.; in l:!uc 

series resiatance effoct. Evaluation of the series Teni.stance values by 

5 ~J 25.51..., . Hot1p.ver ~ theBe results nhoullt not bE! cQfiGi.dered slnce h:tgh 

inJecti()1l curl:(!nt might hnvt..-' nino an effect l.n thiH regton. The result 

loto! .inJectJon effeclencYt It :~l~w ,qff,?ctH thf:! lIght emistd.on eff:tcicncy 

1.n the region where th(~ ~;eri(~H resistance ha~ 8nh.sf~mltlal lnfluencc. 

Compar:tSO_i~ i.]y ideality factor values hfith:in the f-trnt four groups 

Bhot1S dominntion of diffut3ion cun:ents i.n ornilge EC diodes with n ~ 1~3 

itA eompnred to i'(~d EL d.toricf.' Hith i'I ::--;~ 1. 7 1n \'Ihich rccomhlll<-1tton 

Cl1rrents hnvc gl~eater influence. ComparJsun of tile i.wo sots j-ndicate early 



, '1.2 

very vlcll. TIl<? tlneari.ty in all the EL dlodE1H JJ~dje;ltf! tlwt: the junctionB 

nrc <lbntpt. Extr;~po]ation of the curve to J/e? =, () (l.e. the lntcrecpt) 

gives Vb! - 2KT/q. lIenee, tile value of tIle huilt:- ill potential (Vbf) at a 

gtven temperat.ure is obta1ned for ench EL diode. f i'Oil1 the I.ntercept. 

Conc(>ntratJon of the nmnller of OOllfH8 (Nn) or Flceeptorn (NA) could 

be obtnillcd from tile slopes as [oll()wR. 

TJw ratIo of the peJ'IIl:l.tlvlty of the ~~Plllic()lldlt('tor to that of tho 

Hnd Gn P (f! / if. c' J 1 1)52 To evaluate s (1 ."-,. • 

in the experiment .t~VQ baRic aSBumpLi.onr. were made. 

i) that nIl tIle EL diodes atc made from Ga A~l_-.x JJ~ ternary 811.oY9 1 

ii) l!./ Y. 
[J t) value dwnges depending upon the variation iii the 

eompogitl o n of Afit?r. 

binary compoundB, 

n ,J ., 11. I c.. 2. 



13 .1 (h:/dl/ H)O)·11 . U.l 

yl"ld" Il.B anti 1.1.4; respt'ctJ.vely. 

" 

FIg.10: 

~_,. I ,11' 

--r""': '""";~'::-I 

Vol ttljH' (V) 

'/,·ll.,<~ I 

~l) 

(l) J-\ 

en 
(q 

t;. 'ir I j f,;' I r 

(S) 0 

! (f)) <} O,l\!;g') 

('{ I ) 

(0,) 

C"V ch.1u1cteritttlc8 of () f0i)H:f;cHf.i,tivCo f;nl:ip1c:"{ of 
-tH''!IjH g'1"{;u.'p t.1t 100H1-· ;'HH1 '!,(}(jF'f ~1\tH~ n-';~ :dil!H- i ~nPf' 
1.ilriicnr:t! ht~st f1t::t to the data p(}ird·_~_:, jnt~~rcepU:; 

Hnd Hlnpc~3 Ute ::;lww-n 1:01" the S-tX Ra!llr!1.l'~·. 



il bfir er:t1.mHtfnn Sf), T}H~ fiJopes arc pV~lltlnt{~d by !:Hking the Junction 

ate<l intu <lCCOtHlt i.nd by mal, .. :,o?, liSCo; of til,.; {tlre;]dy oi-~Lnincd ;-f> values. 

TheIl. vallier:; of i'~B are compntf:d. The results obt'[lJncd are summatlzed in 

tHblf' 3. 

Tnbl.Q J. HtllJt 1.11 [)()tC11tillls 8lld tIle 1080 dellse d(ll\Or (or Itcceptor) 

LEll Color 

GREEN ! 1.9210.11 1.1. J 

YELLO\·! J J 1. I, 

ORANGE 1.63 '0. (:! II • D 

HED 12.] 

) , OIL! 0, 11 ] L 1 

YELLOI·! 1 I 
- - . - .~----_."---"_.,------ -----

Percent fhrc):r 

31ope(xl0~Op-2V-J) 

U.:3]:;0.14 

11.6:~±1.09 

!.12*1).'>0 

'). O:dO l (, 

:1.9:<1016 

l.lxlO J7 

1. 3xlfJl 7 

2.7>:10)(' 

').8>:1016 
~.----.~------. . --.-~- '~--'---- _.-

at leflst 00<: ulde of the EJ~ diode iG nondegcllcrate. BUilt-in pot:entiBl~ 

rnl181tlg bell,eel) 1 nnd ) voltA nr~ olJserveJ ill i:l\iH w(Jrk. Similar resultH 



.. If9 ~. 

fl. TId.:, f-dlO'.'JS that tile VI. diodcf, hElVe 

variable NA" Nn eoncentrrll:i.ons near the junetion~ It is attributed 

to the presence of deep .staten Hhieh eontribute to !:he cnp.:1citnnce when 

mobile cHrrie,~s are present 1n the depletJon region)}, The del/iution iR 

more pl"onounced in Green II ;lod Yellow ]_ EI~ dioden willell are cllnracterizell 

by decreased Ng values in this particular experimellt. 

3.3 The RelatIonship of Photocurrent to Diotic Voltage 

Lomlno~.;1.ty ("_oJ Jraoiative r~.J Iphotolll1l1tJpJ fer 

The behilv j or 0 f a photorrlttJt Ip1 Ie Ie ell nell Ie dIrect ly reflee tB th ... 

tu!ture of the luminosity of the EL diodes. In EL diodes, ~\l:ttldn a 

voltage range !lnd(~r \-1111ch dJode current hilS an E'Xponenti.<l.l dependence 

on voltage, the natnral logar:lthpl of ~Iotoeurrent plotted against 

vo.1tnge would sh~;~~r liTiear beh;~\'Jor. HOh'ever~ the lit vallie 1n thif; 

cas~ Is cllffercnt from tile ideality factor n. Tile relationship 

betHeen lphoto alld diode vo.ltage is given in Flg.l1 Hnd n l values 

cOl"responJillg to tIle llrlear region of tile Curves ar~ given jon table 4. 
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11 • • 1 --~ l~ii'>'~I~i~'---l~\3lf"--'~ll1!L~:il,L~;t:iJ~ -~~iiif'-':lh'; - ~, 
Voltl1'~f" (Vo!tn) 

(il) 

Fl~. J I: I'hotOl,1tI1 t lpJ (er 
current and Diode current 
against voltage at room 
temperature Rnd photo-.. 
multiplier voltage of 
200DV. 

a) Red (1,1') and 
Orange'(I ,2') 

b) Ye1101-' I (3,3') and 
Green I (I, ,I,') 

c) YelloH II (1,.1 ') nnd" 
Gre"n 11 (2,2') 

, .!'/I 

- -10 

'1\ 

" 

" v 
o . a~: 

H 

" u 
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points of Y n Jphoto Vs V (left (leale of Fi!;. 1.1) alld .1 n ldi()<ie vs 

(rl~~ht ~~c.;-lle) fJt: Hid] to the lifw<ir ClnVf~. It lr: only In thin r;mn( 

rcglon that the ll1mllH):ctlty nhoHs an e>::ponenl::tal dependence Oil voltr 

Table I,. II' [,,,'tor In 1, .u e:<p(qV!n'K'l') 

I.E)) color n ' 

GREEN [ 1.13 .\ O.or. 1.5-1.7 

YELLOH I 1.la { n.oJ. 

ORANCE 1.06 ± 0.01 

REI) ] .09 ;: 0.03 1.2 .- 1.6 

(:H EEl' J I 1.19+0.12 

YELLo\-l Jl 
1.'1-1.1 

I.U!: 0.02 

dlodes. High Of value 1.; correlated to Im'l photolllultipl i.pr Cl1rr(!nt. 

pJott'ing tlHl, nntllraJ Jog,1rithm of photollil1ltlplicr Cllrrr~llt ag3inst 

t.he n .. ltlllrd logarrtllfH of dtnde ('Ul:T(,:llt (Ffg.I)). 



Fig,1): CompHrtnon of 
photocul'reilt nv,:I.it)st' 

diode CtllTf!ll(' for phOf:o<~ 

mlJltif)J·ler v'lltage uf 
711001' . 

Il) j !~ t so I: 

h) ;111(1 Be t 
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Yf!! In\-! Y., 

C:r "ell II p.] 

ifPl"c the ~->JoP{'s gIve the n~lrlt.i.vc efffCit'IH-'le:1 of tIlt': I~L d'-()(h~n 

pfLleh~ncy ~lH tIH')' ought to bl~ dtH.' Lo tllfdr dl.l'(~ct. hnlld gap. 
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3 ./~ EJ eel. roJ ulf!i.ll('SC(~ilC(, Ef(ti.!-';8iofl Spectra 

fnHke spectrnl NJliss.lon study ove}~ the enli.rf' vlBible rnngc, i.t HnH 

n(!f'(>;~S[\ry to df!tf.'nntne the Bpectral di~pendenc~ of th~ ncnr.i.llvlty. In 

order to make the corrections oper-.'1tJon temperat\ln~ of 

fixc~ UIQ value of the res.intance of the filnment. 'ihe rt~lationf-::hip 

tlHc~ eorrectfon for the emi.st:;iOH intnnsity from blaFk botly to tungs(-en 1.8 

ohtaJ.ncd from IInlld Book of Ph~'Hien and Chellll~:;tryf}(-'. If.'1i.lig tilts tefllperntlll'P 

radiation _lllW (eqll.lO) Rt dlfferCl1t ~IJvclel'gths 

(J H) 

For hwtance, i1t R tt'lllpwrature of 16l0~~ hLlek body emf.nrd.oH intensity is 

nlUltiplied by 0./,46 fIn Al 6S0nm and hy {)./Il~l jot" A 2 ,0::, t~67nm. Assuoillig 

unJforHi dL'cxP':uw in the fllnl t ipJiclltJ'/c fact-or :ls the Htwplength lncref1:;(>[;, 

0,1.75 - 0.'',/.0 
1,61~~~~-ii~5(1-~--

0.029 
-Ull 

as n chnnge 1.n the multiplicaLlvB (act'or fot lilm ch[}n$~(' in ~'l<'lv('length. 

TiI"e, for /\ 

!',flIi.S~~iOH interudt.y of tungHten if! outwtned from th(~ f!nlL.srdon intens:tt:y of 

:is ohtained for tho photomujtlpli(>r i_H1 •. 
;':::'"C\ )tlIngr;t{~ll (tht'oret {cal) 
----.·----fl.)i;(~'l,;·U, -J t\!;'l,~,-;i ;;-1}- .. - ( 1 'I) 
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Fig, 13: (~urreCf:Jon factor for f[)9Y ~, 79 
the \O'8vt:length t'flnge from I}OOmn 
pi fer vnJ tHg(~ in set to 2300\1, 

.' 

t 
!' . '''\ 

pllotomulLlpllcr for 
- 7nOwl\. Photomlllt.-L-~ 

resilits wen! muJtlpl-Jed by the-; co:trecti.on faetor Hhich eorrespond to 

tllejr rC~ipectLvc wavelengths. 



Fig.]!!: EmisDtoll 
spectrn of the 
fin,t (a) and 
second (h) sets 
of EL diodes 
under dindc 
currC'nt of 20mA 
photolllUit ip 1 Ie r 
voltage of 2100V. 
Peak em f.s~~;j on 
vHvrlength nnd 
Iwl.f bnlllhddth 
nnergi.cB nrc 
silOHH for e<tch 
I:\, d Iod e,' 

t 
I 

1I"~~h'-'rH, (I'-") 
(~) 

ft-' 

n° 



IlottR. Comporlninn of tlleSB rcl.atlve emiooioll 11ltellsltios AllOWS that red 

EL dIodes cH-e the mO:-it :lnt!~nHe. ItG interwlt:y .-is tllwORt double tlwt of 

gt'ecn 1 \-lld eh 19 tho 2nd (nORt inten8(~. As compan!d to yellOt" I j t!w 

JntenRJty of these EL diodes in about ten times higher. 

The bandwidth of the spectl'nl CUJ~V[l p • .lves BOin0. elu(! about the 

nat.ure of irnpurittes. Half han(h4'ldtJl';are eV-ILLLwted to quantify the 

e.omp<-U"itlOlW. Broad spectrum chnrnc.te:r1.zen jWPULtty h~v(~ l.s uhfeh ~!n:~ 

respoIl!3ible for tl'ansltloftH co:rrt~spond.:Lng t(J dtf[OlOllt f~net'p.y leveln. 

POl" Jmputity levels ex.tending to hoodB) t}~;]nsitforp~ (;on:-cspondi.ng to 

dl[fl::.n~nt photon eflergj.J~6 are possible Hnd. thL3 bI'oadens the speetrum. 

If there is onJy one impurtty l(~vfd.) nharp ~)E'nk 1(1 obHerved. In line 

\-lith this argmnent, rod EL diodes shmJ n:dl1tlvt!l.y nwc!"oyn'r bano IHI,.Hh~ 

:w ('ol!lpart:!d to' the J"cot. Thi:'J implies tlwt thete lire more defluit(> 

2n('rgy states at \'-Ihi.ch recombinatIons take p18ce ,bi thes(' EL diodeB. 

(;loRc ')!Jservntion of EI, diodes of rIle 2i1d set SllOWA RlnnlL secondary 

peRks to tI,e riHht (for groen) Rod to the loft (fqr yellow) [rom the 

I)rimnry f)eak9~ TI~~~preAence of t}leHe secondAry ponks revealg tlle 

prc-~·wnce of dtffe1.'(;'nt J.ecombination level~ 5ipart from the primary ones 

:mel they aLP associ.ated l'l1.th different impurity level!i Hhich correspond 

to different energies. TI18se 8~ditional nBcolldnry penI~B corl"espand to 

~rl~r~feR of ornn~n :lnd ycllilW bnndl; in yeJl.ow nnd gY~Crl '~i~ (Ifollen, 

respectJ.vely. 



<l l('mrH'rnttH-(! of lJql.lJd Ilitrogen, 77K t or llqutd lw) l{jm~ 11K). At lOH 

(Jut of cArriers. 

Hhel1 the pCDkn nern'ly ovel:lap and ulnnot he re!-wlved) the 

npcctrnl shape cl)l.dd he onsyrnmetri.e aH in G'l (F:lg. lIla) or the, t\<.~o ma.'J 

Fj),;.J5: I-:llitf~;BJ(Jn tntf!\1Rtty of ol-.n.ngC' El. d.iodr.r: at 10 nnrl ?OtM\ d.fode 
Ci1·j"n~rd:s tlfld 2800V ph()t<}nHJltipl:h~r voltAge. 'l\lO peak nmt9s1ollA 

nrC!' obHerVC\I, the mn:in Pt!ttK. ~)t '.;9Zliln and f1e(~oi1dary penk i:lt 
587mn I·'n\<;~ ({~ corre:;ponoH to th(~ )'P l1nH blind eil(,~rgy. 



.. , S8 ~-

ah:;o givt"! Ii Idnt to Dpeelfy tlH-~ energy of th(~ Impurity level eorr-cspom.ting 

to tld.!1 H(!concinry peak t~ffltsn1.')I1. 

There h; an overlap of the tHO peilk!~ ;18 thr: d!odp f:lIn·-ent inc.-renses 

to 30,"1\. Tht9 mny bl> du~ to the heating efEeet 01 the enn-ent. As the 

dloclc :tn heated, lIwre and 'lliOre tmporlttcs iH"(! jonized I1nd 1n l1dditlon band 

gap decreases nnd this mBy caUBB the initinllly separnte energy levels to 

OV('l1.np. 'l'rilflBition6 to such overlapped state~~ n·~~nt.lt in n BpCCtl~Um \'Jhieh 

J.s not ftllHJy r~!Jolv(>d. 

Th~ OtiH'}" important potnt otHwrvf'd In 1.11(' f:tu(ly ()( EL emi.9f;:ion 

~~pectrn Jf: the nppettrnllc:e of smaLl peak}} Hhich are totally Aepariited from 

tile ron!n (pt-ilnary) ileaks. TlleAe small pe~l{s hove ex~remely very Bms) L 

emlf:1Liotl tntenBU-iPB but th(!b~ energIes could be 8Pf~cJflp.d hoyond doubt. 

A$. shoh'rt in (Fig.l() t In gn~en 1 and r(~d EL eli-ode!:l ~here nre negli.gi.hty 

P.\fW 1 t p",gks eorrcBpondJn~', to Aileegics of 2. U.(~V (or A:;:~ 587nm) and t.70f!V 

(or ).~' 7'H)nm) .. resl'PcttvcJy. Iii: N doped GuP~ recombitlation takefJ place 

both at N J.mpuflties 1lI,d ilt Nil (or N pair) impndU"". The fornler Is r"81'0n-­

Rf.hJe for green rmtf-:lRlon 1I1hilc UK lntt01- i::; rf!::;:p()n!1.lhl!~ for yellow emlfwlon. 

TI", intensity of the y,,11o\·, emi.ssion depnnds on the density of the aVall'''d" 

NN Rt;lteH {lnd the' probahtlity of possible recombln'!titH1R nt these NN ato(:en. 

'rht~Be depend at room temperature on the detHd.ty of N In cnP. If N 1.s IHrgc if) r'.(lf,Wr> I 

tt·al1~:i.t:lol1S at rW pain'! iiiay dOJr;inRU~ tn tht!J cornpouqd !;ernicollductor56 , The 

rf'duced fntens1.ty of y(~U.u\l emiJB.lOO 1.n groell GaP tl,er(:fot(.!, iIldh:~ltes 10\1 

cOllce-ntratlon of H i.n (;dP, 



, 

J 

!I 
, 

5 
i /' 
" , 

!; 
i; 
0 , . . , 
" 1; 
··i 

" " , 
" ~ 
~; 

" 

9 ,. 
" " " ." c 

" >~ 

" " ] 

I 
I 
I 
I 
I 

I 
I 
I 

i 
~\ 

~ , 
'\ 

\ 
\ 
i 
\ 
I 

\lliV~h'ngth (n,';'!) 
(.) 

Flg.16~ EmtiwioH spect,:-t1 of red (a) Hnd green I (b) EL dlodes at different 
dIode e Uri&ftt!~ 2nd 7.300\1 photomultIplier voltage. In Ted EL diode-s ~ 
sffiiJll PAAkg are ohserved At 730nJD and 1n green'ones at 587tlm& The 
poslt.Jorw of thege pcrli«(1 YfomBJ.nert ennstant: il~rrspect:i.ve of the 
cllode CU1~rfnltH ~ 



f!HJ,-e Jj·k(~ly l'hat thi_t:~ n!iulIJ pnnk lHi.,f~.IIL pOf~r;:ib.ly- he oetLvated by yelatively 

di?ep unJntenttolliJl -Impurity levellJ. S:i.ifiilar r'eeolrlbJn;)t:f.ons iH:e ObBfH'vert>Jn 

yet.! GnP EL at I:n .-- 0 lsopJeetronic trup!-;~}7, These d(~ep irnpurities nu\y 

probnbly j)C ()xygen or C()!)per An<i tJley $re reSf)OllRlble for tile low Qllergy 

t~inJ8[-)t(Jn Hhlch 1H HnHlogu9 to the red donor ilcceptor pnir t"(!combinatlon 

haf)ris comlnonly observed in CaP30, 

Stltdy of the efff:ct of dtode current on the EL peak elnissloll 

fJOGitton at: di.ff(!l"ent fon';;~rd eurrento of 5» 10, 20 [\nd 30 lilA ohml/ed no 

,;hHt in peak !,onltIon ill general tlit)ugh in 30me ""fleR (R
3

• 03' Ill. of Fig.I7) 

there Here (;1 tght: f:Jldft[;, Such very smull peak shtftn as current increasea 

flil1Y b(~ nttriuutcd to Uw hentl11g (~ff{~ct of: the diodes. At h1.gher cnrt'entG 

UfO'" JO;V/\ to lA) l)(>nk "hHt of flho\Jt 2.'; mil \-1M' ObR"ned "ccording to 

Crnfol'd H /lJlfo. illdln,,,t b:Illd gapped ~"mic<Jllduct()r" bc,,,td,,,, Rlww.
1n

8 low 

qunlltuln ylc1tf, llintl BPI"fes rcsistnnce Ulld Inultiple cmfRH~on bSlldsJO. do 

also ,<e'l.e;) 1 "I jght pctlk "hUtR to hJgher Clwrp,t"s due to highet. h,,"ting. 

AR SllOWll 1n Flg.(17b)~ light outp\ltR of pauk9 nra nearly linear 

;~l1th r.:i.n .. n~nts, Sloper: of .:-thCtw curvefl give thl': relative effleienctes of the 

EL diodef;, 
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f; Cnl~ufn{~ti on the aos\lmption th~{he EL d-toden are mnde from 

Go ASl .. y Px ternary alloYf;, 

;'0\ 'fHken h-~om fi-ergh and Dean, 1976~ page 33, UthJe 1.3, for 



The bltlJ lng onc(bY of Zn in Gil (Ai-~, P) EL diodeu J8 ~'iithln 

r .. s30' -" f-,1 65 meV26~36 and thi-it of 1'a :I.H nhout 90 iYleV26. Benc(~, In 

yello\< El, diode" (·,here (Ell -} RAl ~ 90 me,,:> reeomhl'1ation might be ~ 

through '1'0 donors. ll1 others, it might be througl) zinc acceptors or 

by pair BmisBlon (donor to acceptor). Transition. CBn also tak~ place 

fl·om tn()electroni(~ traptl to accept.ors or frOlf1 dOUOt'H to hol~ trnpA. In 

the llltter three Cllses fj,E is the sum of two bl.nd~ng energies and it 

ia difficult to tell the nature and the type of the impurity. 

3.5 Thermal !land Gap De tl!!rminlltion, 

Practically nl1 of tha BL dlodas have negligibly small reverse 

Cllrr{~ntfl hecHuBe of the:f.t lnrge energy grlpn. To tJc tcrnd ne band gnp 

tinder forward current the fol.1<ming appt'onch was Ijdopted from Sz,,18 

"' (20) 

I • 10 [uxp(qV/nKT)-lj .~ A axp[-(Eg - qV/n)/~TJ whare A Is Il conBtnnt. 

In I • - (liT) lEg + (qV/n)!/K (ZI.) 

!'lot tl ng 

Kg • qV/n - KIlnI/\l/T)]". qV/ll - K (slope) 

The plot of 'a I·vB (liT) 10 shown in Fig, 18 with average 

Ig values in tollla 6. 



I"1g.18: Natllrnl lognrithm ot diode CUrTp.nt plotted Hgtt;ftwt tile 
reciprocal of teml)eraturo tor repre8e~tative sample 
EL diode". The straIght Un"" indicnt~ b""t Lits to the 
eXperimentnl data points. 

Table 6. ExperimentaLly determined thermal. energy g'lP vailies 

LED color Sg(eV) theoretical 
(Gn AS1-xPx IlL diode) 

GRllllN I 2.21 ± 0.17 2.261 

2.07 ± 0.04 2.11l0 
YEl,LOH I 

2.52 ± 0.06 2.086 
ORANGE 

L 76 ± 0.12 1.925 
RED 

1.82 ± 0.06 2. 261 
GREIm 11 

1.86 ± 0.06 2.] 80 



65 

o·f rta l-.ul<·<x P;:;.: gL dJodC!9 corrcspond1_,lg to tlwtr cnlofH. Thin mny he 

p~1l·tial1y atttibuted to experimentnl error since in thtH expe):iment', 

i) it was not pOBsil)le to ~ontrol tile tempernture precisely and 

there might bu a temperature gTadient
J 

U} the lise of " fon,,,rd hiuo brings about an add; tiona] el-ror 

wl}lch Is nHgo(~inted to the i(lenllty factor of caell diode. 

The deviation of orange EL d:i.odcs it- 1!l1l~~h higher thnp itJ 1 the rest. 

ThJ.!3 12 not £It all attr:tbuted to experimental erTor~ It rather Indicate:' 

that the dlode:fl mIght have pOB81hly been Hlad(~ from some' oH'l1r COfrlpounds 

or ternary alloY:J . 

• . . c'.!-_. 



of tile parametric Rtlldiea I-V~ C·~V ond pnlls~ton in~ensity were choser, 

and the follc){.ling conelosionB have. been dro".,m. 

1. F~om I-V data~ the ideality fnetar obtained rangeR from 1 to 2, 

ind~itBtlne Homr: deviation f~om thc! J<I('.:11 ~~...:hottk)' dlode equntlons in 

'-ihlch the. idnuJtty factor- ,'1BBHnW8 th{: value of 1 under fon-mrd bias. 

ThiH tmplit':S thut the dfodes nre of ~'J:tde b,~nd gnp fH':iilicOI\cluctOt'B. The 

r~verRe current Wiliell is less than lO-12A (between 0 - 3 volts) also 

gives .an 2!ddltloH.'l1 eonfirmntJon of tIH: Hide band gnp nature. 

2. R0Bttlts f,-om bond gap and peak emlsn1011 energy moasurements and 

compnrJrwn ;'1itl1 the experi.mental works carTled out on similar El.. diodefi 

show that the ~.;1li1pJf' LEVA <Ire of Gn (/':4) P). The r:ondttlon of orango. EL 

dl-ode hO"!f~ver) need8 ftn:ther 1_nvcnt:lgatlon. 

3. c-V resultg indicate abrupt junctioDO for all the diodes with 

built·~in potentialH fH"")tween 1.6 -= 2.9v~ ThiB agrdn BupportH the t-v-Ide 

bond gnp nature (t.e~ 
Vc j "j E~). In addiUOll, the Imbntrnte dOI)!lllt JJ, l-) 

eOHcent:r,1tioH (Nn) t8 about 1016 to 1017 /C~113 ul1dp_r the assumption 

that the jUffetJon fl'l'ea. of the dLode 1s about 10-<;(:1111. • 'rhus, nIl the 

EL dlodes are nOt)dcg~nerato nt least on one Hilie. 

4. Rmission intensity which iB pr(1lJort1onal to the photomultiplier 

CUl'rent ht~f> Urt (~XpOHf:'ntjal d0pcfiuence on dlode vol tallo. This exponentiAl 

d~pendence 9tr"[ctJy fluids with!ll the voJtuge ran~e over Wllich the 



'~}, Compnri:)oil of ('Iid:::;~joil Lni:nn.-;.ltl.e;;; ()f Lh,-' d!{(f'rt'lIl- cojor:~ Hni! 

-of EL rl-todes ~;;hCH'J thai. till:; H::'d(H) UiH~~J ,Ire t.hc: nwst incense 

(ollo~ed by Green l(G). 1ile COlIBea ar~ direct ra(t1_ntlvc transltion~j_ll 

the former and band enhancement by N iuoeloctronlc trups in the lAtter, 

6, Secondary peak "'"i8sIons observed in Orange(O), Red(R) and ·G""en I 

(G) ~l. diodeA are due to slightly ""!"",,,I:.:<I impndty levels, unintentlijl 

deep trAp levels Ilnd "eeombinlltIoM,at NN pall' I:r'lPs, renpecdvely. 

7. Only alight peak shHt ""'9 ollHerv"d 118 " re~u1t of the diode 

eurrent. Tlds enn be attributud to junetlon cl1rrqnt heating effect~ but: 

further IReSStlremerlt Wittl morft sensitive IflBtrumcllta wI.Ll be required to 

find th~ appropri.nto- relatit'JH betvh~en the two. 

R. N-etHHlrement of the binding i.Hlcrgy (It. E) of tht: dopants in each l~L 

diude hag 8hovm n result iii. the range trt1fl /~OmeV (for Green I.) to 90meV 

(for yeJlow II). 1',ls result ia in good agreemen~ with tIle data ptlblislled 

e,'ll-j.ier for Gil P:N. No Himllnr eomprn~i~;on could he IrIH<lC' for Orange & Hell 

cl,O. to lack of dota, 

.e_. , __ ""j 

I 
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