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ABSTRACT 

. Experimental study of optical and electrical properttes of six 

differe nt g r o ups of electroluminescent diodes (LEOs) was carried OtK. at.. 

and near room temperatures. The first categor y of the diodes consis t ed 

of f our g r o u ps of red (LQ 1131). orange (experimental samples without 

CA t alogue number) yellow I (LQ 1431) and green I (LQ 1731) colored LEOs 

fab r l catd by TESLA Elec t ronics, in Cze c hoslovaki n. Eac h o f t hese groups 

cons i s t ed of seve n samples. tn the second ca t egor y , t he re were t wo groups 

o f ye llow n (LED4 586- 481) and green 11 (LED4 586- 491) c o lored LEOs eac h 

with three samples. These second category LEDs were fab ric a ted by Ra d J 0 

Spares (RS) of England. 

Comparative studies of I-V. C-V. lphoto -v. e~is8ion spect r a a nd 

band gap were carried out for all these diodes. The i -V characte r is tics 

revealed that the ideality fector 'n' In [~ eqV /nKT range, from 1. 3 ( {o r 

o r ange) to 1.7 (for red) in the first four gr oups. For yel l ow II & gr een 11 

this parameter has values of 1.8 & 1.9,respectively . These values of n 

remained constant' in the exponential region which extended over about two 

decades of the voltage for most of the diodes. 

c-v result indicated that all the d i odes have ab ru pt junct i ons with 

bui lt in potentials of 2.89. 1. 63. 2.04 , 2. 14, 1.92 & 2. 06 eV fo r red. 

orange , yellow I, yellow II, green I & green II. respec t ive l y. The 

lphoto VB V study showed that luminosity (- (photo) t'ias a n exponential vo l ­

tage dependence (of the fo rm eqV/rlKT) in the voltage range ove r wh ich t he 

ideality factor (n) nea rly remained constant . 
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Emlssion intensity peaks were obse r ved for nil the. LEIJa Ilt wa ve­

lengths (energies ) of 560 Obi (2.21SeV); 587 nil (2 . 114eV) ; 590 om 

(2 . 10JeV); 662 om (1.874eV); 562 om (2.208eV) and 59) nm (2.092cV) 

fo r g r een 1. yellow t. orange, red. green II and yellow II, respectively. 

Spectra l emission s tud y and band gap meas urements showed that t.h e LElls 

are of Ga (As . P) with the eXceptIon of the or ange LED!'J , whtch In sonte 

cases showed deviations from the va lues of orange Ga (As.P) LEOs, 

Radiative n!:combinations occured [or the red LEDs a t a n impurity 

level of about 50 MeV and [or green at about 40 Me V from e ither band 

edge s . For yellow LElJs the values we r e a s high .18 SU meV. An attempt was 

made to evaluate efficiency of the ligh t emission fo r the EL diodes . 

Light emission intens it y compari~on revealed red LEDs as t he mo~t intense 

followed bv green I. t he recombinat i on of which might have possib ly been 

al'isisted by nit r ogen i90electronic traps . The small intensity value i n 

all the rest of the diodes might be attribured to the absenc e of t he 

isoelectronic trap~. 

No position shift of the peak emission energy was observed wi th 

diode currents for all the EL diodes . 

• 
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INTROUUCT iON 

LUllinesC"ence. is a phenomfmon in which light 18 Ob.<lCTVcd whpn 

electrons excited to higher energy states e mit photons with energy In the 

vIs sible range as they resume lower enf':rgy states . In semi conductors, the 

electrons recombine with holes at the lower energy states. Luminescence 

is a nonequiliLrium condition since the exci t ation process dwturbs the 

41uilll:!1"iu",, " • . So . thermal emission (where internal equilibrium Is main­

tained) is not class i fied under lominescenC"c. 

Light can be generated in almost any materJal under t he influe nce 

of suff i ciently high energy . The energy can be supplied In the (arm of 

light. by particles moving with high velocities . by elec tric f I eld s 

(currents) etc. The type of luminescence is usually character ized by the 

exci ta Uon mech8nism~ which involve photons 8S in photoluminescence, fast 

moving electrons 8:'1 in cathodoluminescence and electric f i elds or currents 

as in electro luminescence (EL). 

EL i s a mechanism by which electTic~l energy is converted to light 

energy wherein the emission of light is at a tate far in excess of ~h e 

thermal equilibrium rate. In EL. t he excitation can be carried out intrin­

sicaliy by exciting the electrons with high electric ( Jelds (referred [ 0 

as field effect) or by applying currents s uch as in injection, break.down 

or tunneling EL. EL which is exhibited in m<1ny bulk o r undoped materials 

un de r h i gh field conditions is due to field effect. A doped Junction on the 

other hand. offers a very ef f i cient ann well understood Means of generation 

of excess electrons and holl.s at the p r .:>pet energy lev.i •. 1 
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Em19~lon of lIght h) Injection of mlnor!t y cllTrler~ 1.11 p-n lunctioTl"! 

under forvard bias is the mechanism cf operation f) f !!lght fmlttJng Diodes 

(tEns). The term LED 18 generally used for technJClIl IlpplicRtlons. This 

cheefs however. exclusively deals with EJ. in p-n Junctiuns. 

Everslnce the first luminescence in junctions was ob'lerved In SIC 

crystnls (i.e. crystals which have built In p-n junctions) In 1923 1 , many 

attempts have been made to study the emis!!llon of Ught tn junctions. 

Partlculsrly lately, pos.!'ible W8yS of both radlaUvc nnll nonrndlllUve 

transitions were studied for different materials as a re!';ult of which many 

recombination kinetics equations have been develop. IIi.. Thls has broup.ht 

about 8 new level of knowledge In 8eaiconJuctor junctions , 

LEDs are uned as display elements, indicators and optocouplers 

(which have wide use 1n opto electronics) on account of their small size , 

relatively small heat di •• lp,_tlon. ft'st t"iE;e tJme, endurance under mechs­

nicsl strain, and better suitability because of their potential for their 

~ye catching br!ghtneRS. Besides, th~ir use liS 8 supplement to the f'xist f ng 

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

nn the research stage) and their ability to operate under certain specIfic 

conditions still increases their importance In some respects. For ln~tance. 

yellow green GaP LEOs show excellent match with the eye sensitivity better 

than any of the presently existing ligh t sources3 . "he constancy of 

efficiency as their size decreases puts LEOs on top for qmoll site illumi­

nation. Their broad spectral output is a180 one of the reasons which 

eSCAlates their demand 8S multicolor indtcator~ . 
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Unl1k~ other l1~ht sources, end of life fn LElls is not Rssoc l11.t ('d 

with catlls t rophic f a ! l\l~b ll t only indicAte, reduction in lntell~1ty; a 

Pl iKn whIch could be taken as 1\ v1:Irntng. Lf·:ns .1rt' endowed with long 

service 11f~ which exceeds that of incandescen t lamps ~y at least two to 

three orders of magnltude4 . According to ,;h11\' e t "t 5 meDn time to fallure 

Current st ud ies LInd effor t s made to inp r ove LEOs put large emphasis 

tn finding mechanisms to opt.fmlze its performllnce by I ncreasing its f'ftlci-

coey Rnd to minimize degrada t ion (l .e . los" in i ntensity \lIth lo ng service 

l ime). Exploitation of the availahle colo r s 10 also one of the important 

points which 1s given due regard. This 1s II broad field to be t:1drlerl both 

in theoreticill and exrerimental physics. 

Improvement of LEDs basically (OCUS@8 at'! the improvement of 

rndLative recombln~t(on ~echan18ms. It can b~ done by selection of proper 

material type and suitnbh technology . 

In order to qualify as an efficient LEn material, n semiconductor 

Must have as a first requirnlent, band gap of energy greater than 1.8eV". 

A.ssuming direct transitlon frolll t he bottoll of th@ conduction band to the 

top of the valAnce band, the a nergy of the emitted photon is given as 

Eg - h~ .. h cit. .. 6.625xl0- 34x3xlOS J-sec rnlsec 

" For red light. i\ - 700 nrn, and Eg ~ 1.8eV 

A.s .II second requirement, it ",hO'J1<1 produce stat-Ie po" j unct ion 

without much problem tn the prClductlon If'('.hno!op:y find it must provide 

favorable radiative recombination transit i ons . 

• 
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U1rect band gapped AemJconductor~ provide ~ore favorable conditions 

•• f.r 8a radiative recombination processes are concernpd when compared 

with ind irect gap semiconductors . The probability of radiative transition 

in indirect gapped semiconductors Is very 81'1811 becliuse the momentum 

conservation law should he fulfilled in theRe matpcials as wl11 he ex-

p I a Inf'd tater. 

All of the group IV semicondUCTors aTC indirect 1;8p ,;emiconductors 

find they have smaller energy gaps (wit h [h~ exception of SiC.) thnn 8(or­

mentioned . In SiC however, efficient lumlnf>scence 1l'1 observed even lit tem­

peratures greatly exceeding room temperature but the performance of this 

compound semiconductor Is limited by severe technical and economical 

p"oblems 2 ,6. 

Despite the fact that some of the Ft"ouP Ilf-V compollnd seTIIlconductorN 

are indirect (and hence illefficjpnt from this vie~ point), they form one of 

the potential sources of E!, TIIatrriaiR. The direct hand gapped ('ompounds of 

thJ" group have relatively n.Arrow band gaps among: which the well known t..o:> 

CeAs (Eg - 1.425 eV at 300K)7 which emits in the in(r9red region. The 

rem3inlng direct gapped semiconductors of this group have either crystal 

growth or electrical conductivity problems. Compounds of thi~ group nre 

more of ionic type when compared with group IV semiconductors . As one 

moves from the central IV column of the periodic table tow.1Td!l the relllti-

vel)' more ionic bonded compounds. th .. 

group ll-VI semiconductors have larger band gllps than even group 1I1-V 

cumpo und semiconductors. The r elatively larger eneeR), gapped compound~ to 
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the contrary a.re ch3r"cteri~ed by poco moblltliec; and p('rhnps In:'lhlt1ty to 

promote conductivity of both types of carrie 8 (i.e. electrons 6 holes). 

In other lords, due to this latter problem, junction formation ls dJfficult 

or impossible In ~uch compounds. The two con~lraints c~n b~ surmounte4 by 

selecting compounds of lighter atomic constants from thIS hl~her rows of the 

per jodie table. 

Host of the binary compound 1I1-V semiconductors that have an advon­

trlge of targer energy gap are indirect. but the Inefflclpnry due to til£' 

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

8uch 8S lsoelectronic traps. 

The core in the study of the pedermanee of LEVs l1e~ tn f Ind ln~ 

the causes of radiative and nonr:ld1a~lve r~('ot!lblnatlons and ways of enhanc­

tng the r~diat:!.ve ones . The quantitative domiTlancp of radiativf' recomhi­

nations over nonradiative recombinations indicates ligh~ emission. Since 

indirect band gaps f;wor nonrodiatlve recombinations, l.r.tpurites play 

prominant role in the indirect regio~ nno greatly Influ~nce the efficiency . 

The study of the electrical and optical charllcteristics of LEDfI is thu.'! 

linked with the role of different types of impurities Ip semiconductors. 

Sludief; of such parameters indicate the statuR of I.EOs, 

In this work I-V, C-V 6 LlV characteristics were studied. Besides 

emission spectra and thermal band gap measurf'menb I,·re laken for )4 samples 

of commercial LEOs 1I.t and near roofl temperatures . In the TC:<Jults, l>ome of 

the quantItative parll.meters obtained In the qtudy were given in the from 

of table~. Attempts were also made to correlate ~ome of these paTameters 
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with radiative recoTllblnntlun prI)CIH'"O. Tltf' dlsCUR'fiolJ'i Include ~;I)fTl(' 

qualitative remarks relevant to Ihl" perfonullnre of th t different coJo r ed 

LEOs and to the effect of impurities. The work Is more of l\ comparalive 

type and hp.nce, Similarities nnd dHferencea be tween t ha two ca r agor!es 

of LEO~ are given tn each set't"(\)O. 
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1 TIlF:URY 

1. I INJECTION MECHANiSMS 

Luminescence In I.Ells cOMprlE1f',ot of thrpp major !itagc!'I9 . Thl' f (r<tt 

is the excitation process (Le. injection of minorlty carrIers). 10 the 

)nd part charge trnnsport and cilpture takf> pll1r'e and finn] ty the chary,cEI 

Tec:omblne Tadlatlvely or nonrudl11tlvely. 

In binary compound LEOs of group III-V, elements of group Vi substl­

tut ing Cr-OIlP V elements 1n the compound IIct 89 shallow donors and group [1 

f'tements s ubstituting group III element. act 88 shallow 8cC'rptOT<t. For 

instance. in group lII-V compound s, elements such as (5. Se, Te & Sn) act 

n<; <;h .. 11o..- donors :tnd (Cd. Zn. Mg, Be) act .HI sholl!nw ncc<'ptors. Ge 60 Sf 

1re amphoteric because they con act 11.8 donors or as acceptors iO . The donors 

<Ind th@ aCCf'ptors are substitutional impurtt1eR .o;ince electrically active 

lmpurities usually occupy subs titutional sitesll , 

At room temperature shallow donora and acceptors possess locall7.ed 

rnergy levels of the order of 26 meV from the conduction and valence bands, 

respectfvely12. Hence, o~ing to their low binding energy. they Bre 

ea~l)y ionized at room 'ernperature unlike deep impurity levels (I.e. stnte~ 

whose E'nergy is close to the intrinsic Fermi level). Shallow donors and 

acceptors therefore. act 8S activ8tors of luminescence. 
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"-f~.l 111ustrnleA h.,..., 1nJcc:tlon FI. tah,!" pl.1C1!' In p-n JUl1CttOIl!l. 

(}frLr 110" I' 
n,~ ,()O', t"f(R ",r,Ofl" 

(a) 

"'" " " I 

" 

• 

Fig.l(a): Schematic representation of energy s tates through p-n 
jun c tion at ?eTC biu. ( b): p- n junction under forward bla!l ( V, > 
condit ions. The Fl!:rmi level is Ep. t n & ; p a re quasi rl'l"mt 
levels. Et is ;10 impurity etate inducing radiation . [Atter Berah (, 
Delln I vJ 

Ar; separate entIties, plrn Betbiconductol"s have different Ferl'll energy 

Jevels which are dependent o n the doping concl!ntrtltions , In p-n junctions, 

before equilib rium conditions are reached. l"lectrons and holes floW' Into 

opposite :o;ldes until a n intern,']1 elec trlt.: fteld Is estahUsh t'd neros"" the 

lntedad al region. The flo .... cont inues until the magn itude of the f ield i~ 

quffi~1cnt t o sto p further flow of charges and the FermI level on both BIdes 

equalized. El~~trlc lield arises beca use of the apace cha rge distribut10ns 

of the thermally ionized donors and acceptoTs. The regIon where the field 

Is hulltin is fr e e of mobile charges. Only i o nized donors and acceptros 

Rrc presen t. This region 18 refcrrl!d to as the DEPLETION LAYER. 

The location of the fermi level depends on the ~oping concen tration. 

For low doping concentration, the d t ode would be nondegenerate a nd the 

fermi level Hes withIn the forbidden gap he low the bottom of the 
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C'onductton band (Fe> or abo"e t he top of the vah.nee pand (F,.,). At higher 

doping concentra tions. Er lIes within the conduction or val~nce bAnd depen­

ding upon the hIgh doping concen tration of donot'! or ,cceptors. In IIIOII-[ 

l.EDt;, one side Is always dpgener"te13 because of th" following two rell8o nR. 

I) The b,'lttier height reduces by the value of e.. where f. 18 the 

energy difference between Ec and the new Fermi level . 

11) I n the heavily doped s ide band filling tins the threshold energy 

nbsorption by t! Buch that the emitted light traverse, thls smaller side 

wIthout much absorption. 

At zero bias. there Is no net current since: the number of .inorlty 

c.uriers which a te being swept do...m the potential barrier ia cOMpensated 

by thl' same number of few maJorlty carriers which can overcom~ the potential 

barrler. 

At fo r wrtr d biaR, the e nergy barrie r decreases In proport i on with the 

magnitude o f the applied voltage . The number of the minority c.a r rien. which 

are swept down t he potent ial barrier remain constan t but the number of 

majori t y ca rriers overcoming the newly reduced po teft t in l barrier increaRes. 

fhp:;p majority carriers become ",inorlty aa they croes the Junction and 

hence. the name minority carrIer injection. 

The injected mtnority ca rriers •• y recombine wJ-thin the depJ,. t.i-. 

region or within a diffusion length distance fra. the depletion rpgion. 

"lost or the recombinatIons wIth in the depletion region are nonradiative 

willIe recombinations outside thp depletion region may be rad ia tive or non­

rndJRtjvp depend1na on the louUon of the im,urLtr lnd.14.1S. 
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Under forwa.rd bias. two qUAsi Fermi levclo; apreaT ct'rrespondlng to 

each carrier within the depletion ugion. These two levels describe the 

concentration of inJected Ilinority carriers altllough thpse c8rriers sre nor 

In thermal equilibr1um with the majority C'alriers l6 . 1he sepnration of the 

quasi Fermi levels i mplies t hat ... shaltow rlono' -;'cceptor may be filled wi th 

electrons o r holes only neR T t he n or p sides of t he j~nctlon but both wLlJ 

be ionized elsewhere with i n t h e junction. Deep levels which act li S recom­

bination centers may lle w1th i n the qURsi Fermi Jevels t hroughout the junc­

tion whereAS the recombination at shallow levels can b, significant only lI e_. 

the edges of the depletion region or within the minor j ty carr hT dH fudon 

length 1n the nand p region adjacent to the junctionl ]. 

1.1.1. Curre-nt Voltage Rdatlonshlp in p-n Junctions 

In ideAl diodes, no reconbinatlon i. aS9umbed to occur wi thin the 

depletion region and the only current in such diodeA 1$ diffusion current, 

wh(rh is caused by the diffusion rtf malor1tv Cl\yripyS lnto the minority 

side on ac~ount of the reduced bsrrier height. Usjng the contInuity and 

5tis8on equationp and as~uming s~all injection. the idesl diod. 

~qu8tlon is given by 18 

1· (lno + J po) (exp(qV/KT)- 1) 

where Ino + lpo .. q ni 2 ((llft/L,, )NA+(D,/l,)~J 

D, &- D-fl are diffusion coefficients and Lp & Ln ore diffusion lengths of 

holel'l snd electrons respectfvply. t., & N., lire concentrationc; of acceptors 

And donors' n1 15 the intrinsic. carrleul concentration, 
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Efl'l.(J) olily IH,ld., tn nAtrow b,·,d ~;IPI"'u '''·1111'111 flHlol~. In d!o([f''1 

with larger energy gnp':!. several ndditioHal fnrlol"l C'ontrllw(p to the rltr-

(u·;Iol1 ('urrent as ,. re:!lult of .... hJch modlftrfltion of (''1n.(1) l~ r .. quired. 

Unllerforward bll16. ~qn,(l) t~ affected by 19 

i) recombination of car r le:ro; tn the: depletion rer-Inn. 

11) ~erles rc.-sistance effrct which results tn volt~R{- drop n('()n:~~ t!lf' 

\'Iilk tlnd contact:'! o f thl" O:~Mlc:onductol lind 11.1'1 r!r,nlfic:ltlt pff"cl 

lit large forward hias. 

III) I:lr.ll Injection rtlrT"n l whpreln at rel:ti ..... pl y Inr1'." fnrwnrd flln"t tltt' 

minority cltrrle, den"dty bf'col!u~S compsnabl p til tht' 1I:,'Jorttv rarr!I'r 

denc;lty. 

Iv) lllnneJ tl1R curr .. nt effect lit low forwarri hl:l'l nllel 

v) ~\Jrfnce ef[ect~ c{tused by defpcts on thf' ;urlnCI th:H 1ink thr 

('()IIJu r tion h,mJ Rlnte<: to the valen('e Ullld 'It~t(>or; :Hld Ctent(' n 

o:hunt pn!"h. 

At II., Int~rMedj;"1te MM! (1.~. voltage rllng~ IIVl"r whirlt rln .. t LElJs 

~how tp!atively efflcfent perro(m~nce), only reco~bln~tton current ca~ppteq 

'"'lth dHfuor;jon c urre nt :wd the influence of the .rf,.tt or :111 thl' ol"{'ror; 

clln be neglected . According to s,...20 recombinatlol1 rllte R (in unJts of 

C~-)/6(,C) j~ given by 

p • 

C1""n [n n. 
~p r,,~tMen - n12) Nt_ 

e,<rHF t -F t )IICT'3 + trptr+-nt e'!pl(l , i"1)/l'''} 

(2;"1) 
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alld electron rnpllltt' rill <lot "pc-lion., rt'!tpeclivt" I),. , 

Irv,-,J I F.l the intrinsic: Fermi level and I'll the intlln'lllltr cl'lrrier dell"llty. 

R 

At nonequl1ibrium conditione. 

P A - ",2 exp (qV/KT) 

lienee, suhstituting for pn in eqll. (2a) ylcld. 

"'p 6"n Vlh Nt "l:il exp (qV IKT) - 1 J 

IT'"n{n+nl expl(Et -Ei)/KTJ }+ crp{P+Xi up (F.;-F:t)iKTI-} 

R • 

But. since 

CT Vtl. Nt "1 2 (exp(qV/Jl:T) _ II 

n .. p + 2nl 

11.", e:<tp lq(1f'- CPn)/Kl/ (lnrl 

r""l exp fq(q,p- tp )/YII 

Pb) 

(1<) 

Where V' is the potent!.,1 of the intrinsic level. R fI'tl'\um('S maximum valli£' 

1n the depletion regJon Vhf'n 

(old) 

for Y ) k"/q eqn.( 2d) reduces to 

( '- f' ) 
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1111' T('ICfJlnh'"nllnll t"urrClil dc-Il<llty 1 .. ,'1""11 r.v 

J eec .. 
-.I J qRdx ~ 
o 

where W i~ th~ depletion layer width. 

therefore. the total forward current density for Pno»npo 

Bnd V > (2KT)/q f~ g,h'en ns 

This. for junction of cons tent aren reducE'''; to 

1 .. 1'1 exp (qV/KT)+I r up(qV!1KT) 

lhe first tfOrm on the right gives the dtff'I~loll r:"rrent nnd the 

!'H! {" ond with a fnctor of half In the exponential term represents tht 

r(' I'O!"lhinntion current . I~ Rnd It give reverl!le Rlllur:Jticn currentR of 

"oth f'Olllponents. If (Vltppl-IP) h taken for V 1" (' (In. (l '). thl' lR lplII, 

t~kp ~ c a rr of tll(' Rprte~ re~istnnce effpct. 

Owing to the fact that tit£' ·total curtert (if'ppnd"l on two Cllrr(,lIt~; 

"'hl c h h<lve two different exponent!:!l depelldenr('. under fnrw;ud bitJ~. 

eqn.(J I.) could he' given 1n R more COMpact and expl'r1mentl1l1y suitltble 

form It!'; 

I • 10 exp (qV/nKT) (5n) 

where In' the idealJty factor . is @qual to un1tv fo[" complete 

dOfllln:.nceo: of diffusIon current over the reco",bln.1llnn qlrp'ut Ilnll Iq 

t'f}u;,1 to two £0[" the r('verse Ctlst'. 10 In t'qn. (';n) J.: " cOlllpl1c,Hed 
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centere, the positJon of the t r ap level relative ttl til .. tntrin~lr Fer III t 

lev I!] and the (;onCf'ntration of the trapping levII"loo;I9 

lhe r ec i p r oca l of t he slope of InT '1gll l llSt volta~e yc ldR the 

vdue o{ the idea li t y facto r : 

n o q!K T) l '2> v(3 (,,,,){ (51.1) 

l.1.2 JunctIon Ca paclt3nce 

IlIIport.1nt 10[0,."':1t l on ahout the: ORtUTt' of th" dopluJ!, cnn("enl.r:H Ion 

"nd profile at 8 p-n junct i on csn be extracted from the measure\1ll!lIlS of 

the 111IIt"tlnn cnpncJC;)lIce pnrttcuJ3rly under Tt'vrr'lf" hl:1ll. !11 tldo; r:n<;t' , 

til .. c:Jp8citance is mainly affected by doping c.onCf'ntratlor of dOllors and 

nCCf'ptor And the cApneltanc .. Is refer.ed to n~ dt"pll'tl'lll lay .. ,. C"tlpnct­

tanr:-e. Under forward btaq however, rearranp.cment q or IT1111or1ty cArrler 

den-dty hrlngs ahou~ rttr(IIl'lion cf![J<\cltnncli': whirl! r"lItrllmtf'<> tn tilt" 

df'plf't Ion layer capncJtltncf'. 

To obta in depletion laye r capac1tancli':. Slatting from rolsr,onR 

E'quC\tfo ll and mak lng a n Abr upt llpp r oxlmlltJon 2t 

(- 'a'vlol:J • ,,!!: ! ~ X 0 ! (,) !t. 

- ("f<" ){ p (x)-n(x).Nu+(x)-N;;( x) I 

(- "II 'via ")0 (q!e. )(No-n) 

(_ i 'V!"').- ( q !~. )(NA-P) 

(~b) 

(!lc) 
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Incegrating these equat_ons tvice yields. 

V(x) - Z.lx - (x'/ 2.)J when Il!:.l .. lj(No-n)"n 2.g • lMA-P)l':p ~ 

"i.. • (l/2) l!:.W • (l/2) -Em ('n+xp ) 

which for one sided abrupt junc t ion gives 

w • 1(2 ~s/q)NB)(Vbj - 2RT/q)1~ 

where NS .. NO or NA . 

(I) 

(8) 

(9.) 

(9b) 

Evaluation of the depletion layer capacitance u81n, this givl'n valuf' 

oC depletion layer width results In 

• (1(101) 

The '+1 sign is for reverse bias 81'd thr 81~n is ipc oc'srd bins. 

From eqn. (lOa) the slope of(l/c2 ) vprsus V r" UT ve j~ given by 

(JOb) 

NB could be obtained from the slope provided ttl (Le . tl,e permitivlty) tA 

known. The intercept of the curve (at l/C} .. 0) g1ve~ tile buJJt in pl tt'ntiilJ. 

1.2 GROUP III- V SEMICONDUCTORS 

Luminescence is observed fn .any of the binary con I,ound sell.ic,)f .... t'!-

of group III-V which consisl of both dlre~t and fndlect bnnd gap and 

1n group II-VI all of which Are direct gapped semiconriu("t"rs Never[hele~fI. 

only (et.l of these binary compounds have ~alned (ommt'r la1 intere')t beCAuse 
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of technological and economic factor'l. The need for wide bltnd gnp l'Iemic:on-

ductors to o~taln wide spectral range has necessitated th!' use of ternary 

nlloys (I.e combination of two binary compounds) as practical LEO'! ~inc£ 

in such alloys energy gap can be alterl!:d. at 'Jill. by \lnrylnp: tht' cornpo-

s it Ion. 

F'rom among the ternary alloys, GllxA1l_xAs iR important for lei'! 

direct energy gap which extends upta 1.geV at 300K And hecause of the S' all 

mismatch between Gn As & Al As compounds 22- 24 . 1nl_x Cax P has also a 

direct trnnsition Er. peak which persbts uptc an enerp,y of ,.-.j l.leV 

(xc ~ 0.74)25,26. Despite the advantages that these two 1.110Y9 have, 

Ga ASI_xP x LEOs are leading commercially due to the tl.v:1! bill Itty nf (;nA~ 

substrate and far their ease of growth Rnd junction formfltlon17. 

1.2.1 Ga(As,p) Ternary Alloys 

Th(' advRntage of Gil ASl_xPx ternary alloy over ito; binary cOl"'lpounds 

(GaA. .. & GAP) is its simplicity of growth. Bf"8id~s, 8S tllf> C()I"1POSitiOOR of 

As & P Vary in the alloy, the band gap changes hom thf' mirdmum valu,. In 

GaAs (Eg .. l.424eV at x - 0) to a maximum value In S,1P (Eg - Z.261eV 

I'lt x .. 1)28. This shows, that Ga P is added to GaAs for the soLe 

purpose of increasing the energy gap. Ga As 1s direct energy R?pped while 

GaP is indirect but there exists a criti~al composition vl!:Jue .'It w!ltdl a 

crolls Over from direct to indirect takes place (Fig.2). The critical cross 

OVer value iR Xc .. 0.45 at JOOK according to 5211 28 Deanl9 nnd other~30. 31 , 
but further investigations by 8 number of re~earchers32-n hav(' sho .... n that 

xc" O.l,q at Jf)OK. Above this C'rPtral lalue, tran'iJtI(1n fro rilrec[ 
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r (000) to indirect X(lOO) takes plac~ and most of the electrons reside 

on the X valley minima. At the cross over point, Er " F.)( and the corre~-

ponding energy (for xc· 0.45) 1s Eg .. 1.997 eY (Flg.2n), "he mlnlf1'lum 

energy gnp ~t any arbitrary composition (x) is given (or (xc .. O.~9) hy36 

E r (x) .. 1.441 + 1.09b + O.2LOx2 (Ua) 

EX(x) .. 1.907 + 0.144x + 0.211x2 (llb) 

In LEOs, the color is determined mainly by the e nergy gap and hence 

the C"omposftion variation oltere the color. For instance , in G!l(As,P) 

LEDs, Ca ASO.6PO.4 emits red {~- 649nm}. Ga ASO.3SPO.65 emit!'; orange 

(?. 6J2nro) Ga ASO.IS PO.85 eO!ls ydltJw ( ~ .. 589nm) and Ga P emits green 

(~". 5700111)37, 

'0 
)1'10 

f • Y>OK 

GOAS 1 'Po 

()"~ 
>75 

0' • , 
~ 

, 
~ w '9' o • I • 2261 > • ~ 

(Ot,ll..CT1()1'I I ~ 
B"" I G 2 0 • WI I ffi lI'045 I 3 E9<1971 h. I r I 

I 
I 

" r VAl 0,(,[ I 
-fg-I'124 £1M .. , I 

l 'k 
L-- L .L..J --.J --L..i _...L..I , 

0 0, O. DO OB 10 
I-Kll'AEtn 1».1 10: GOA, GOP 

MOlE f"RAi,;TOO GoP 1I. 

'0' 
(I,) 

Flg.2: (a) compositional dep~ndence of the direct and indirect energy 
ban'l-o,. f ~-A P (b) Srt,eltl"'tic ~ner"'v ",Old m'~",,·ntlJm dl.'1/1,l{l1ll for '":1"r or not <l:l-x X' ' 28) 
Gil hBl-xPx for dif ferent a.lloy compositions rMtf'!r S1.~ 



- 18 -

As seen in Fig . 2., when,.. I~ increased. eh .. lOOOJ or l' conduction 

bnnrl minimn shift upward I'md there!.<: i1 dlr('ct-indtrt'ct trnnqftton nq 

1100) or X minima become ]ovest in energy. This takes place for x 0.45. 

The series resistance and the forward bias voltAge of the diodes 

tncreORe w1th the phoAphoroue content of the crystal. The increasing 

composition of As In the aHoy besides reducing the indirect band gap 

enhances the absorption coefficient at or very near the band gap dut! to free 

excltons nnd Cree hole electron palcs 22 . The reS80n for the cllhancellent of 

thts ~D~orptlon 1s due to the fact that mo.entum is conserved by scattering 

at the As impurities. 

Lightly doped diodes of Ga(As,P) behllve jn a manner stmllaT to 

CaA~ jn the direct band gap region and similar to GaP 10 the indirect 

hand RDp region. 

In the indirel"'t r(>~!on. no transition enn tltl<.e place without impurity 

8ssi.'Jtance. Here mom£>ntum i~ conserved through the absorption or emission 

of phouuns each with energy t.t&) and appropriat(> wl1vevt'ctor Kp such thnt: 

(t2) 

In direct transition. no phonon 1s involved and photon momentum 1s 

neg11gibJe. The i mpurities pIa! the role of conserv1ng momentum by 

Scattering. Such trnns1tions are leS8 probabh sillee unlike the dJrect hrto-

st.i.'f'4$, in the indirect transitions the aVAJlnht11tv of phonon" with 

~ultable moment d 18 essential . 
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Low radiative recombInation probability for tnlrinqlc IllInfnesren('(' 

ill because of second order nAture of interband tr.1l1sit on In lndlr~ct 

gap sellliconductors. The need for impurity centf'TS such I1S 1aoelectronl r 

tr a ps which significantly increase the radiative recombination in indirect 

band gapped semiconductor!! is therefore very high. 

1.2.2 lsoelectronic Centers 

The efficiency loss 1n the indirect region of ~nA~1 x Px ~]loy~ Is 

improved by an introduction of iaoelectronic traps to the crysta l. An 

tsoe lectron i c trap Is an atolll or the same valence 88 ttl(" hMn atom but wLth 

large r electronegat1vity if it fa lighter (1.e. In the upper row of tht' 

perJodic table) thsn the host (l to~38 . This Is because of the relntlvely 

exposed nuclear cha ~ge and it ~cts 88 an electron trap. All~~nativpiy. if 

the substi t uent atom 18 heavier, it acts 88 It hole trtlp. Once the ('Ject~(l n 

is bound. the Il'ocente~ Is charged and a hole is reacH ly trApped in tllf> 

n"Rulting long can.Se potential to form 8 bound ('xcilon. 

An exciton is a mobile combina tion of 811 elec tron ;'Il1d 8 hO]f> at R 

ce rtaIn distance frOI1l each othe r. Exciton states a re formed through 

Coulomb in terac tion between free elec trons lind holes. If thf' exciton_'! 

are bound to ionized impurities. they are referred to ,R bound ex~itons. 

Such bound excitons can decay (I . e. the elf!ctqJns and h(_ll~C:lIn recomhine) 

at the impurity states or 6t the isotraps. 

An 1soelectronic center is obtained hy do ping tile ternary a.J toys 

with atomic N or Bi, or molecules like ZA-O or Cd-O 10 They are 

referred to as atomic or lDoleculllr i soelectronsJ TPspp.ct,Lvely. Ihe 
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elulcntl'll 1soelectrons substitute. one of thp ho,f'," to,""; '-lilerens ttl(' 

1lI01ecular laoelec trons 8ub,Hitl1te either of thf [WI! hO'll :'Hom~. In the 

ease of Sa(As,P), doping with nitrogen resuJt~ in repJllcemenr of 

nItrogen for phosphorous to produce an electron lrup If'vC'). Jill' b1ntllTl~ 

(! nergy of N hi about 10 meV but it has a lllrgc capture orOfiS '{ectfon 22 • 39 . 

lience, N is .a .!Ihnl1ow i!:oe hctTonic trap In Ga lisl_x P
x 

: N unllkt' 

l oCI'l -Op In Ga P tha t induces a relatively deep recombination Jevel us 

a resut t of which a low energy red EL is observed . 

The mechanism by which an faoe hctTonlc trap enhnl1r~<J Tndtnt iv(' 

recumhlnntion Is described from the view point of the nature of the 

plectran wave function in the preeence of IIltrogen in G,A"1 -x r,p 

The modulu~ of tIn" W'8ve function of l1n elt:ctron bound tt') n 

nitrogen hoelf>ctron ic trllf! 1n Ca As l _x Px ! N Is pnhnnced opaT 1(. 0 -
bpC'<luqc of the presence of r conduction band minimB. Wh('n fln electron 

h bound to the illtf'lepJate vicinIty of the nitrogen Impurtty, it is actpd 

upon by (! short range potential. As the trapped dectron binds 8 hole and 

,111 excjton is formed. the exciton 1~ bound to the irnnediate vicinity oC 

the N impurity. The hole is ft~~ upon by a long range Coulomb potential. 

In this cnse, the wave function of the electron and the hole overlap. Due 

to the overlap. no phonon is Involved durinft the radiative trdlll';ition'J 

(pven if the transition is indirect) when the bound excitons decay 34. 

In other words, 1eotrapR change the indirect energy gap to II qUAsI 

dIrect oOP. They have adverse effects in the direct band ~ap rrrion. 
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The mechnnism by whir;h t!le nicrogl!ll i!!:o lectTonlc tr.'1('1 enhances the 

radiative r~tomblnatf~n in the indirect ~~gion is retelred to n, the Band 

Struc ture enhanc~ment (BSE) • 

In an lsoelectrontc trap. the potential associated with N isoelect­

ronic impurity is of ashon range nature. Campbell et a134 Rave II qualita­

tive description of the behavior of N in ternary Ga ASl_x Px : N starting 

with the one electron Schr8dinger equation and obtained the ~odulu8 of the 

W8\'e function of the bound 1I!1ectron in momentum representaC:lon in the form 

of 

where R is ;} constant and 4- (Eo( + AI. - EN) 16",. E. is the 

conduction band edge in the region of the Brillouin zone lIl"oeled ~ 

f:.d.. I!': a mea<;ure of the extent in energy of the cOllduc.tioll hand in thl' 

c(th region and Cd. is the normalization constant. 

The probability density HP c(K) 11 is stronp,ly affec ted by 

the vo l ue of (tc - EN) in the denominator of eqn. OJ) EC. F.I, 

at the r conduction band edge. As shown in f1g.3.J E r & F.N come 

clo!';er In the region a Ute1:e bit greater than the cr088 over point. 

ThIs shows BSE In this region. 
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rt~.); (II) ~'ocllJlus of t he wavt' lunrtlon 11(~)12 . of 'H p[rrtrll!1 

bound to tI t"O(,]p'f"rron!r trAp In C, As!_x p:-;: 'J ;'ll{lnp th ... 
<;¥Mmett(,llne (If thf' Brill/.ufo ;wlw .... (b) I'roh.,bllJty rt(·O<;\lY . 
1<1 (,(0)1 of thl! bounn ele£"tron .-It If n (1') III (;:, ,\(;I-x "~:N_ 
'Jhe opt illlum brl~htT1~SS 1 ["q ncar ,II(- rC''[ "T.mlW hound,lfY, hut thE' 
Vfl.f 1M ion [~ re lar I VI" I 'f smllll thrl1u~hollt ~hp t('d ye lluw qpectrn! 
r:1w~e. I AI t er C,U'1jlbe I! ),., J 

Iq,c(~)t 2 hfJ" A local maxima nt r' which 1" d'H til the RSE. Iht: 

el!f'(,t of BSI on ull-phcwOIl TM{Jative tr:/lsltlon [<; .H{'f'lltLl.'\ll'rI hy orLier 

of m;q>oitude 1If> F
r
, approach,." EN' For ( •. 1 '\Sl-y. f'x . N • 11<; >( dec-ten.,!'<; 

frol't x '" I nNIl" K .. 0 tilt' mOl)1,n l tuclc of llP d:)1 J; ill( r('il~t'~ unlll .1t 

X
r

'" 0./.5 th!' probahility densitv a[ r ex eedc; the vlluf! .1t X. 

ft (,(o)l) d('[f'rmin~s [he probllt-.ll'ly df'u $ Jt\ Ilr r.1dliltlv(' hmll111 

exr:iton rccc>mbln.1tilll1 . Hencf' , an i ncr{'.1sl.' in J4',(fl)!2 Inolctltcs 1m 

InC're.lse in the r.1dJil ti ve recomhln:llion. 

I'll(' i" " l']('ctI1m:r' tr.,p h.1S ttq npti"lIl'Tl pftl't't IWlr flH' tr.ln .. itlf\n 
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t. ~ HA!JfAJlVI HI f "'jl'l 'M' ION l'ROCr.S~ ~,S 

Pos~lbl I~il.ti,jtll/t, l.l".,lt{Ol1fl In 'f,l!.; 

".fficicnt IUr.linl'<;ccnn! is oh~erv,'d In tf;tJ..- if tilt, !r:'lctilln of 

rel "}ml'in.'lt Inll';. Thf'rf' 

;Iff' n numher 01 j:lctor<; .1 f1flnf'n('il\~ hotll r ,dl.lt!",· -111'1 IlClIlrndl,tfl/f' 

r(!comhlIHltions. The Ic.ldJng factor IR t!,<, dirE'cl tn,l i ll'tt 11(ltllr(' (If the 

!>.1nrl g.1p. 1111> forl'l .... r fflvor~ r.1dJatlv(' It'rornhlw!! 11111';, 111(' t)thl:'r ImpOrl:l1l1 

f!letoy i .. the effect of impurities. Sh.lllrw trllp level" f1VOT T"o'ull8ttvf' 

IP(,nmhlnflti Ins whllf> Ilct'p Impurity levp)", 1/,",l,H'If' • I,n·c!plt.llf"l, 

In i fir! I rl'C' t gnp sr'm I cOlldllt: t ors), a rf' J /I t I \If' I Y d('C'/! donor 1111(.1 .'1('1 ('ptor 

I) wilh tI,'er tmpurttff>s mumentum con<;crv;'Jtion jo. (!.l"1icr dill' ttl the 

exl('n~!on fli tll(' ,,",Iv(' funclf:lll thrtlll~'huut rhl' ""l1l"lturn ;.p;lf'('. 

11, recnmhjrwtloll;l[ ne.1r('st p.11rR dt,('snot r~qlljr ... t1ll1ll1'Illl'~. 

Ir;1n~dtl(1n!': III IFII!': c.1n t:'Jkc pl;\f'c In nn" of til ... lnllnwlnr. \o{.1Y';: 

j) b.1nd to b.1:nr! (Intrlnsic). 

! I) frpe to hOll l1 d or vlc.:evcrs:l. on donors , .1Cf'l'l'tors or If:otrIlJl!'l 

I j ! ) pair r('cu,.,blu,ltiun ;'It !~hIl11o\o1 d')Ilor~ .1od .1(C(·l't'lr~·. nod 

) b .• It ·,omhl",,1 n a[ c::hnllo\o1 tl'lpurltl,·q 811cll.'l!i {<;o-OU/l-:.. P)tf' '11 r,,' ." 

"ub .tj~UCI\ts. 
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l tIlt! I! n. '",I 11 C " 1 (!n~~(> r v,ll J 011 

t{'rl~11> der-I\)' of f"Y.r'ilOll<: to !)('ltlld n l lfof';(,11 

PI f'V j.l I". r he I r(-c t I' J,,, IlJ l r HI<" I t i OilS UT!' nn thf' d{)nor~ pr ,1("f'('plnr" 

III h· :lh··"1I1"1.' of nitftlgpr. l </ 

I. 1<, ,,~I, i '1.11 'fI" I<ln(>ll'S 'n {;:l, ASI_x P, N 

!\('l" 'rd i Tl)o!; tn f' l'TIph' J .,! 8. J )4 , Cn r , 7.n- O. Gn P ~tl r;1I A~l_)( P){:N 

haJ(, :I(>n r 1 \- jI,r sarn(i reC'''nhlnlltlon models (I1S 'lhnwn ,,, 1'1 g.l,) 'Il nl:(' "" or 

t .l( IN,tr(lnlr Jmrwrlt lr,~ 

II !i!{' i"lpurlr 

ii) thC' bound el('I:( I (lll (negatIve) stolt .. (Nt) (Fig.Gc! f. ci..) 

I i r ) 

• 
whpl( the If'r:nmhln,lli)o- parameters arf' glvl'll In tl1hlr 1. 
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lahle I 

IIJ r r ogPIl fsoelectroll.lc t r ap concf'ntrnl ifln 

C:('lnu~ntnH ton of Nlr:tps occupied (unl)c"'Jpipd) hy ('Ip('trnn~ 

cflncen lrallon of Ntraps occupif'd by l<:nl:Hed ell'ctron!'; 

NO' 
t concentr ation of Ut r aps ocC"upied hy ex(' I ton:<; 

'l1' r l ife l i 1'1e fo' hand t o band radlattve r{'('ornnlnn t io n " r 

f'rn ( 'f' Xn) life lime at r(X) for nOllrArl1ntlve rN'OMbln"tion extern;! I 

to the tl trap 

pjertron captur(' (thermal emIR~ton) tlmp I ntn (from) N trnp 

Rlt'le 

'l'vt( 1.'t\) b·de c:1pture (therm;1.1 eml<'!';/oll) lime Intn (frllm) ('l':citllnic 

11 [,. time for nonrndlnt1ve rree' to l)[Iund tr;1n~ltjon 

'l'.:'rxr{1 exn ) lilt' timp for r<ldlatlve (ntiOradl~tive) hound t>xc:it01\ trnn51tlol1 

G 

{-.J IH'('ntr<ltion of cx(:ess rotllor l ty carriers In X('-) Villley. 

II! (Fi~ t.;J). the nitrogen lsotrap is nnt invobed and band to halld 

J'('(,omblnn tion (';')11 t:lke p l;:lc{' r<ldlatJvel y ('t"'r) (.r nnnr.1o l (ltlvf>ly 

(1:"'Y1' tt 'Xn)' In (Fi!!.4b), an elec tron is capturt>d hy it ncutral Nt: cpnter 

<luft Nt is formed . Nt htl!> a Coulomb fJeld arnund It. The"e are three 

po!'><;lhtlHles In t hic; cI"Ise. 

1) the electron may r f' ombine nonra.Ji4th· ... ·'· with • hole ('t"~n) 

tl) it m,1Y fll~1l hp l'xcitf'cll'a('"k .... , 11.(' co hlf'tiHI h:HIII It"nvlnr. bt"hlnd 

N° t (1' te) or 
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ill) It c:tn .1ttr'l.ll -'1 ht)I~' such th.-l thf' ill,l" .1"!'ltl~('H "h f'nl'tgy stnte 

(?:'vt) and the two (Leo . the ell!'ctrol1 .1nd tltt hed,.) rfln'! 11 nOlln" 

Again . the bound ey.citon clln dec.1v lIonr<ldt.:ttlvf'ly (/r.~xn) or 

rndiiltJvely ('1:'exr) or the hole may dlsRo('I,'ltP .1.nd t-"p)«(lted back to fit!" 

va 1('1)1:(' h.1nd ( ' t' tv) ' 

R('fE"rrln~ to (Fig . 4). the T'lte ('quarlon .. de!'>' rlhln1~ rhe recnn,hln:,llnn 

k i netic" are given ilS; 

(dNfI d t ). r (nr+",) l'tet ) (J -Nf IN t ) - (N!-Ni') (1/ 1: t'r~ 11' en) -

- N~l(l t"e:<n t 1/ f r'(,) 

elf'nrans or hy e-:riton'l. {Nf - N~X)/(t'tc .. Ni) ' f. tc Rot\,\,0:; the rrartjon of 

elr>(·trons (>xcitpd to the conduction b<lnd. rf I:j~ the Irani,," of 

trnpped electron'" In exciton stateR Io'hl('l1 is 'pwJ tr' hoi ... (lClnpanrr 

prob,1ul1lty on 1111 r!c·ctrOll occupied N trttp. 
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Using the !1<;sumptions rhnt 

at low excitatjon J evelq t'xcitonic hol(l<; .1[1' In rl,('rlll:'!] eCluilfhr l ulIl . , 
with holes in the valence band & f Is equal to tht> l''lull tbdulll hoJ(> 

occupancy proh:lhl 1 tty. 

il) at Jow ~l(rtron Injection, 

[:1< from being sAt urated. 

• 
1 j 1) lor low efficiency LF/ls such as Gil ASl_x I'xt Tit 

by ilt 1e-.1st ;10 order of magnitude . 1m --7 xn:-- 'r n 

nod 1/""-[(" t 11 '~n ,,' liTr e holds for "J1 cory' raJ cnmposJrlm, •. 

From ste.'tdy stare conditions and u.:::lnr. the f!.ivf'n ,'''sumptiuns; 

(Nt t:' -Nt px) IN t eo •. ( N t (>X IN t e)~ of"vt It'PXli~tvtl t t~&\ t' -, 1"')(,1) 

f '" [H{l'~t/~x~ +-~vtl 't't'l)+('l~tl't'I'H]-l 

InternaL quantum efficiency Is defined a~ 

• 

,._ tile elect"onle dlllrr,I' ,1ml '(1 is il where ~ reprec;el.tR n or p , q ~ 

(I ;11) 

(Ilia) 

[,.-ct!on t that endl'l up in r"dJatJ'lf! refomJ-o ration. " of the output curren ' . 



-'I _ 
lh£'reforc) 'fjqf'l 

r~corDbjnatlons. 

(RadJaCivE" rpcDmbln~tlnn rate) 

ilsJng P In eqn, (l6;d; yf."ds 

... q(dd/dC}/[ - Rq/f • t • Jd~vi<.(> (l6h) 

In the presence of fsoeJectronlc trnps this tntern~l cfftrlrncy 

could be taken as the sum of two [etm,>; cffJelf'IH:y dill' to IntrinClle 

trnnRiCion (1jr) nnd efftc1eney due to transitions aSRic;ted hy IsoeJec-

tronf<- tr.1pS ('i,,). 

(~/G)(nr/1:"r r) + (,o(/G)(N t (! If;;';(r) 

(tIG ) (orl tt'r r + N. P'tj~xr) 

'" '3 ( I 11l~ Inp) ( 't r I't'n )+1 ( l+n,,:./rr) ('1,: r I?i: t) 

- (Nte-NteX)/nr ('7rr I1tr ) J-J 

(J6e) 

( II") 

.. irl(lf'1'-cxr/'t'exn)(1i"Ct/'t"xn} i (l/r-t)(t'ctJ~c)(";xr/?xn)J-1 

( 1 7h) 

'1 nn The term 1f-{llx/nJ(1j'r/'?"n}" [(nxin,.)/'rnJ(q"r/o,,) in (17.,> 

eX/lrl'~c;lnn obtained fo r tlH' quantum efficiency IIf 1\ tl:'flHlrV nllny tn tit£' 

r "1 II!UP ,,[v,., the ralio of ah'.>t'!)cp of N tr1p. Till" reclproral n ,.., c; '" 

11 A ~"'~t,Jj'III!", term sh{)w~ till' ("f f cCl r:}dl.1tl\'e nv('r IHHlIaul.1tJve processe~. I" ",. I. 
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,.. Ilu (' ,.", tH' "1"1':111\1(' l'IIf't':t or N Ir.lp uf N lrnp 1n r-cJuI'in" "", . 1'.\ \ -', I 

('In efflcJency In the direct gar regio. flf' I1I"yo; tht> mnjor nil." 

In ,.ttN. there (Ire two t rmq at th~ (1!nomin,'lor; 

(~xn+ ~:n)('C'xnl 'f;cc)/(f:'"xn'Lxn ) and (tllerN~I!X)('f'(t q-exn)/(NrCX'Ztc '1")(11)' 

lhp efficif'ncy "l N i!'l IJolSically dependcnt on the nOllllldJallve Itfcti/ll(,~ 

/f' exn and ~n' 

1.1.3 Mtnorllv Carrier 1 lfctime 

minority rarTier density to decay to IIp of Irft jnJ(1,11 vahH-, 11u' dUT:Jtl " 

of emi<;<>i('ln I'; dcterminl!d by till:' lil"P lh,~ ";HII('r~; qH'l1,j In the tr"lp'l. 

An Inrfease in minority carrl~r JtfptLMe wOllld indicate an inCTf'il'>f' III 

by free exciton, Allge and other ho"'r1dlatlif' ret:Qmblnatlon~ rcdou'e'" 

The recombInat I on mte in the (If'pl tic 1 "I)'£> 1 1'1 ('o,ltrnl1cd hv tll(' 

separ<ltion of the qU:ll'd ferJ1li It''V,;d' \oIhlrh in turn i.<:. dftf!lmined ;,y thC' 

majority C!lrrif'r ~oncentratl0n and the .1pplll'd volt'1R·· Rt'('OIl\blnntlnn III 

the diffusion r~f.ion on the other h.1..ld J~ governpd I'Y ttle lifetimE' or 

the injected minorit~ carriers; a pilTnr>et('r 'oIhirh 1<:. Jr.uch m0ft' dl'((,( I 

sen~i[ive40. 

tllf' nitrogen concentratlnns, minority cnlrltr Ilf('tlmeq of hnth (':.rrLpls 
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in the indirc(;t r egion. (n indirf'l:t gnp ~Ct1\I('t)lHh'('t{)r, the minority 

carrier lifet ime 13 relatively long nod h~n(·~ I{)n~ dlffl lql(ln IC ll Rttl~ nlr 

requIred in eff i c ient materialJ9. 

1.4 NON RADJAflVE RECOMBINATTONS 

lJefect~ 1n c rysta ls introduce additl,onal eneq~y !!tJttes in t he 

ener~:.' gap and thus. additional extrinsic elect ri cal iJod optI.cnl proper-

tl(>~ .1re manifested . The defects can be point dcf(' f· t R Ruch "., the one 

C8lJ~ed by c;ub~lItutlonal or in t erstitial Impurftlc!'l or line deff'cts 3<; 

d!"linrn ti on<;. ne it Intention:ll or untrrtf'uUnn,11, I. rnp'Irltieq whil'h "Ct",.py 

d'?ep level stlltes are onc of the major arc:ts where n(H1rauiarive r ecol"lbl-

f) disco n tinuities in the la ctIcf' r:onstanr (I t the lnterfllf'1" l)l> rloll"f'n 

tlte ~ubslr<lte Clnd the epitaxllli In.}'f'''' (1.(" 1.1ltl("e mJsl'I.1t' h) 

if) diflerenc e in t hermal construction to cl)""J()und~ (~.1y GoP F. G~ o; ) 

o n cooling from growth tempe ... atllre ( i.e. ,fifff'trncE" in themrtl 

pxpanSion coefficient). 

Herp <;tnte<; A ... t not ionized nt r00m t f'mp('r;lt ll r(>~ , Rf').,tfvely mn,11 

concen tra tlnns of such sta tes can comp e!e with .:;h311(1w activ.lt(lr~ such 

thl' nc tiv3 tor~, They. therefore. provide nn "lterll.1t1vf' (shunt) pitth for 

tlil' ml nor-f t y ('f1rrler<; injecte d into tIl(' U. (Hnd,'. ';o"'''tll!u''; , Ulf' 
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Elf' ~ ti.ons of the deep centers can lie very <:;mall bur they can be greatly 

3'lgmented by thp effectl. of l.ar~e lattit;e df'forlll.1li"ns such ."\EI ditdo 

cat~ ons which nct as an efficient enl'rgy lo~s. 

Ncnradi:ttlve surface rpf'OmhJn.1tion .. nn nlso be the C3use ft,r 

efficiency JO~5. It can occur .... hen II continuum or qll.1c;i continuum ~Ult( .. :; 

join the cond u ct.ion band to the v:lIenee baml. Such <;IIr((I("(>: rer.nmblu.'tll(III'l 

may be enhanced by parp.o;, gratn boundarfes and dislocations. 

As deep trap de nsi t y decreases. EL efficiency increases 1i1t1ee 

.<;I':}<:P c h.1rp,f' rf'('(JmhitHIClon current dpcrc.:l!'ll'S IUlIl thl' C'lectroll dlffusloH 

J(,,'1"'tl1 increa'Je<; thereby al10\ol1ng injected ninorlry C.'lrrier'l to penl'trllff' 

.t N"PPI inlo the 11lfl'linf'scencf" M3tcTia1 42 . 1:1. njodl's T:1dt:1nt output nlRo 

d(,cTe"!'l~,1S junction tempt>ratures incrc'Hlc, This implies that as temp e l8-

t ilT" inCT('llS(,~. mo~t of thf' recolllbln,1tion PTOC'('<;'.f'<; would h,.. lIonr.,dlnt IVt', 

High dopinr. (..-..o}Ol9/ crr.') Introdltcr'~ prcC'tptt<ltcs <lnd (':luse~ lfne 

wldpnit!g (slnce at high doping or high cy.citc'ltion the condHct1.on band 

population inc reases '\nd tht> spectrum Ie; s li lfted) and redurc.<; efficll"11 Y· 

oj 
It also produces tunneling break down at relativelv low voltages . 

1.4.2 Auge r Re('ornbl na t~on$ 

When an e I ec t r()f1 trans f ers from the condlH': t 100 b'1od to SOJII" I OWl' T 

energy state, it may radiate photons (r,1dia[ive pToce~s) aT phonons or 

it may transfer its ~ner~y to another free elertTOn or hole (nonr:tdf­

otive process), The last process i~ referred to ilS an Auger proce';l'I . 
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Au Auger I)roce'~~~ l~ ,111 CXil="ptf' of nil tntrl1l.'~t iI'JIIr.1rl lilt IIH' 

proceCl!>. Such 8 rroce~1~ 1<; t'''t'<;;enl ns il consequence r the denqit'j of 

free c.rrifOrs in the ~cgion of the SE'miconductor whp ce the radiative 

recombinAtion occur s. Auger process can arise as It result of hi gh dop-

iny,. 1he effect of Auger rec~mblnation on InternDl efficiency In 

rnoclcrntely doped ~f>m 1cond\l('torc; wlth wide hand gaps Is not )ilrge. It t~ 

lnsignifi('ant in J.ndlrcc t g;l pped semiconductors. 

Auge r- recombination C31l take place f or bound f'y.r ttons :It IIl"Utr .. tI 

donors or it can Rlso involv e free carriers. In such an Au,z:er T('cnmhtnn-

Ci on, :11 1 of the exciton transition energy appears ll"l kinetic energy ()f 

on(' of the particles. I t may occur even for eX("itons bound to hoI' lee-

tronic traps if A. mechanism extl'HS whereby a third Itlectronlc part!clp cnn 

interact with the bound exciton4~. 

1.) DEGRADATlON IN EL DIODES 

j)pgrad<ltiofl I.:: ~ff1ciPncy loss that is obseryed tn EL dlode~ D!I n 

function of ope ration t:lme . LEOs, unlike o the r light sou r f'tog have /) m('riC 

such that before complete failure is observed i ntensi t y los~ is man l.fcsted. 

Tll1~ pffjciency l o~" eM\ be (,Dused by s uda(" p cont:ll't l n;Itlnn or by hulk. 

The rnain r eason for an efficiency loss in EL d iodes is dut' to 

(1 bu l k rhenome n-'l). ThE' forward 
curren t st re ss under forward bias .e. 

bim; b r logs about twO 
l"[fec t s on t he EI. dl,ule';"S, 
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I). As a res u lt of the bolDS, field ,Iirf"cl diffusion la nhserved dionp, 

the dlqlocntlon Ifne~ 

, 

11) An additional mech,tnlcal effect 8!i8ocilttcd wirh a IlIrge tiw rmaJ. 

gradient near the Detive layt'T is also obFerved.}ulu .. tlon hCllllng 

In LEOs hrJnp,s !lbollt thermal (:xpan"lJon whJch I!': sur, ldent 10 

Rellerate l attice defects i n a uniform malerlal, 

Generation of defect centers in the ('Qurne of 0p"J1Hlon l!l a 

grarlu;ti process. Progression of mul t iplication of lattice rfef,.ctA 111 

ob~,.rved once a defect is fotmeJ due to the ,.j fectlve " henr qtre:-lS 

ll('tinK on the dls1ocation'·6. The effect of 'J Urll defrc'ts 15 mO Te> pro-

noun.ed if the ... are in troduced within diCfu;,l_on length of the p-n 

)'lIIr~lolI r.tnce radia tive recO"llbination O(,(,Ilr .. willlill t hi~ ""gth' 

ft may happen that through time exee~~ conr-en{raril\Tl of dor"llt~ 

IMy ,"Ir[~e In the recomhJnlltion region or nul (If 1(1II"f,1n('(' vnrJ,1tlnn of 

concentratIon of inter'lfinn."l dopants may be ohserveU. In addition, 

.sUr [a("{ f lows due to mecha.nIcal da mn ge in hand ling 01 cherdcn! contaminll-

tton c,"In a!~o bring about degrad:tt:fon. The degradll"tion rate t~ hlgh for 

incrt'8s1ng energy gap within a serif'S of semlt:'o nductor alloys . It i~ also 

ilC'cC'lerated by small particle s ize , higher firi ng and h igh"r oper.ttlng 

~Jnllke radiatlnn damage . thermal annealing enn not r('!'Iove degrn 

-'t1 d ff 4749 Thu., d.gradlltion due to hulk phe-'l.. all C;J\I~e by current e ect ' . 

n')"'('I1 .. i~ pernwnent whereas degl:l)uatlon CI1II't('u !-tv slIrf:'l("(' .. rreet'! mBy be 

improved by chemil-al etching. 
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It tlA":'FRJ "LS At~f! ~IETH01JS OF t lF.A3t'I<HILNT 

In t hls chapter. lhe samples /lIe spt!clfled .1n d I n'l l rullle nt"l ttnd 

(>>':rf'r1 mencnl procedures ,1re descrlht'd. The mil'" IHlrptH'lf' of thl .. wur~ 

loin'; t o s tud y all Pos~lble elec t rical ann opt 1('ft/ propt'rtJes oC EL d((.(It .... 

Dllrinp, the wcrk " wide srectrUlr of rsrrlmpters of U. dl'ldeR w{"rc- drtf'r".lnt"1. 

An nttempt 1485 made to correlate Borne 0 1 t hese 11Il rn",,.tl"rs. 

l .1 Sample SpecificA tion 

Then' were two SI!:IS of Er. diod e s Ilvnll"hl ,. fnl Iht' t'IIIII'II/1I('II( nl 'Hlldy. 

In the fi rs t sct, there were four group!" each with !'iCVf> n ~1.II",pJf'B. Ih" !H' F.I 

dJod('s were mode by TESLA EI.ECTRONICS , C7('cho<:1I')v'1l/ln "lId they wue 

Identified as RED (LC1131). lab.led , RI' R2. R3 ' Rip RS' R6. R7; ORANGt 

(lhlldent.1f Jed f'xperil!'£'"ltlli Ramp!,., wtt lwut C'll l nior.u.· nU!IIher). Inh p lt'r'I 

0,. nl • OJ. Oq. 05. 06. 0/; YELLOW 1 (LQ 1431). " h,.I,. L 

VI. Y2' YJ . Y"t' '{S. Yi;. '7 nnd CREt:N 1 (1.0 1111). Int.,.W 

(;1' (:1. G) . GIl' CS ' {:6' G7. 

In the sf'cond set. there wert: two group; ot f./ dlode~ COIl'llqt i n.'! 

of rhrce qmnplc'j c:.~ ch . Thebe s8b1ples v erI:! l!I./1d(' hv I(I\IHO SPAR f.S (ItS) . 

EIt~11nd and were id entified JS: 

YEI.LOW 11 (LEn4'"-.'l86-497). lnbel ... 1 

GHEN 11 (LED4-586-481), InbeJed, 81' ~ • 1'J . 
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Fiectrica! nnd optical 8t Id les and hand gap Measurements were 

.. J QuI; fM e:1dl uf til!: 34 I I Rl'lmp el'l Independentl y, A ... tn the ei(' c trtl'n l 

r 9. I-\.' and C-V cha ra c terl,tlC8 ntudi.s w.r. mad e at fo rWtHd nnd 

bias. res pect iveLy. Optical properties wert': studIed by emhllton 

"Id 11;,i'lOS it)' men~ll[ements. Finally. thermal blind gap measurements vel"P 

Electr i cal Measurements 

I-V measurements were taken at [oom temperatures within voltnp,e 

r-lnRe<; from 0.0 to ....... 2.5 voltl'!. StBhll7.el1 62058 dual de lIewl (" [1 

P;Jcka rd (UP) power supply was u s ed to biu ... the diodes . PH 2S 11F 

PhI ips dfgital voLtmeter (of lOHl inte rnal reslstnncc,) 2% 

:lC ur:'lcy and lmV re so lution) and MA 4E Leybold Heraeus (Lll) anal08 

roliit m('ter (of 10 HA Interns I resistance) 1.')7: Accuracy and 0.01 ni\ 

resol ution) were used (or voltage and curr,nt measurements , 

ro.:'c;pertlvel). Fxperimentat setup for the I -V mea~lI r ement 1s Rhown 

in F1~. S. fm a ttempt to Sludy I -V chara c leri s ti cS und("r re ve C!~e 

b!1~ hac; f.,J t ed since the reverse c urrent W.1S below the rCR o l\ltinn 

rO\~er of the MA4E multimeter. 

'!~/TIperatur e readings were ta ken during I -V !'Ieasuremcnls of ench 

diode. Evaluation of the ideatity facto r n wa~ mAde from th e 8lop~ 

of the llnea r reglon of l nl 'IS V graph. Curve Otting was done b y 

thf' If','~t c;quare "egression method using 1l-59 progr8111mablt' 

a.!.culilt'lr. 1'10t5 of I-V characteriqtlcq fnr re-prese-lltathe Ramp)t>", 

aclor~ in tahle 2 . 
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1'1\ 2511 E 

I • • 
0fi,tal V,UIfII\t.1' 

1 
•• 0 

---r 
HP G.OS8 
pOliler S'J'fI.!J 

Fig.S: Schem:ltic Diagralll for I-V curve measurement. fLD St81Uls 

for electrol l~ inescent di ode. 

Ii) C-\' cha r:tcterfstlcs studies wpre trll1de for each diodc usfn~ 1-':7-11 

(I'SSR) LCR meter (of an accur8c.y better than H)t) at a fre'lul!'ncy 

of 1001iz. The diod es \Je r e reverse bi<llfed lI ~lng ~P 62058 pow!"r 

supply. Voltage readings were [ .:Iken using pt.1 2517E multlmeter lit 

Intervals of O.JV over the voltage ranK£' f rom 0-4 . 8 val t R. The 

setup is shown in Flg.6. The> ca pacitance. as mentioned In the 
, 

theory part is related to the voltage as C"'" \1- i fo r an abnlpl 

junction. Plo t s of L/e l 'IS V were lIlade for each group. Cur\'(' 

• 

f 1 ttl "gs were 8gB in made us ing the leas t .'lq u.1.re method. ConC4"lIt r n-

tions or the sma ller of the impurities (ND o r NA) and buLlt in 

-potentla J s (Vb i ) were determined frolR t he slopes and the intcr-

cepts. respectively . 
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j liP Ci2OS6 
'1. i,. blt: poutf!' r 

"LD 
Fig.6 : Schematic of C-V curve mensurcment. 

2.) Optical Measureme n t 

1) To correlate photomultiplier current to the diod e c urrent, photo-

multiplier cu rrent measurements wert: taken at different diode bla~. 

For this, the diode wa, kept 1n a confined box where no meolluTlible 

<lmount of light could enter from the 6urroundin~<;. '" hole with 

the dimpnsion of the diode was mllde on one ~ifle of the box. The 

light from the diode was directed to 43 Y-79 (USSR) photomultiplier 

(which Ila~ a mnxlmum sensitivity rans,c between 400 - 440 nm) throllgh 

this hel e. The photomul tiplier WAS b JlHied by II 2K 369 SKV Phil I P 

Harris de power supply. ta re was taken t(l keep every djode at the 

same orientation and a t the same distance from the photomultlpller 

every t ime. The ex perimental arrsTlgement ie; shown 1n Fig . 7. 

~~ ... 
d 
r."]~c!+ 
!hE 

-C,rlh. ':! ::: • ..;~--
•• ,LJ; , , 

.--~-tn ., 

'" 

" . " , " • " , , , 

1 
• 

(h) 
Fig. 7: (A) SchemAtic 

C{'Imponents of 
dArk box. 

diagram for lumfno~lty meno;urel'lents. (b) 
the photomultiplier. Uashf'd l1ne~ incllrate 

t1HE 
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Photomultiplier current readln~s WfOre taJen nt lOQOV and 20Unv 

photomultJpller voltages. The diode!; .... erl' btnq<'d by 62058 power 

s uppl y in the range between 1.2v - 2.SV. UA 4E tnultlmet .. r W(\8 used 

in the microampere range to take the photomu] tlpller c urrent 

readings. PM 2517 E and HA JE Leybold Heraeus multJmeter (of 

lOMJL lnt(>rnal resi'Hance and 1.5% lICCUrAcy) were uRed Lo 

measure diode voltages and currents, re spec tJvely. The nntural 

log:trfthm of photomultlpller currenl nod di ode current wer(' tnl!'!!! 

and plotted against diode voltage and COl!lpariRons of the depen~ 

dene£' of both currentR on voltage WE're made. 1111"1, [n our 

laboratory was the nearest substitute to study LIV (1.uminosity 

and current veT~U8 voltage) chsrnc terl .st!cs. 

it) Study of the em i ssion spectTa of ench gTOUp of EI. dIodes ",as 

made using 60741 Hilger Constant Devistlnn spectrometer and 

~3Y ':' 79 photomulttpJteT . The photOlTllIltlplJl'T WIlS bi1H1C<I hy two 

52237 Leybold Heraeus High Voltage de po~er supplies connected 

t t of 2300\1. It allowed to read !rax imUln in series to get an ou pu 

sensitivity of the photomultiplier. The voltage of the photomul-

.e.,ured by DCHI voltmeter (of SOK "-/volt interllBl tipl1er 'was 

1% ) Photo~urrent mea9urement was made resistance and accuracy . 

by ~IA 3E nultilf.eter. The stability of diode voltages and cunelllR 

.1 2517E d HA 3E mulUl'leters, Te~peC[tvl")y. 
were checked using P an 

The experimental set1Jp 1s shown tn Fig.S. 
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!-"iR.8 : Spectral CharHcteristics tlensuremel1t~ Dnrk lines 
indicate regions protected 8:~lIinqt llght from the 

surroundings. 

Before taking readings, the calibration of the spectrometer was 

checked by a f;od tum discharge lamp . Necec;t\:ary ('Ill ihnH inn w:ts donE' for 

the photomultipljer srectral responc;e 1I'J ie; given in the correction 

curve of Fig.I). Since the light emitted from ('<leh rtlodc 10':1<; "1lI1111 nnd 

;\ 51 j~ht external llght could affect the <JllcctTlIm, much C:tTe W.:IS lake .. 

to ("onCr01 the effe('[ of the external 50urC('8. ('orrf'ctilln W"I'I mnde £01 

} t~ht clue to digital melers and indicator lamp:"'. Hnally . reDdings of 
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pilnlllmull fpl ler (urrent ag3i nst wav('l~n~th WCle I.,ken by va ryf.ng the 

w~v('Ten8th and ~eeptng the diode J 
vo tn gp con,>t"nt. In thi!'! pl'lrtJculnr 

carot' ; 

n) wavelength!,; and pt'ak eminslon energLe$ o( the diodes were 

determined from the wavelengths corre3ponq 1ng t o peak emisstoll l'l , 

eJ 

.. mission spectra were s'udied for eoel, g-""p "diffe ,di d • ren 0 c 

currents . Peak emiss ions were deLe rmined at 5 , 10. 20 & 30 rnA 

diode cu rrent s to investigate the existence of peak !'Ihtfts with 

diode cur-rrnts and. 

co~parlson of peak emission intensities .... p r e ~Jso made for t he 

dll (("rent ~rollp:<l. 

'1.4 l'·ermAl B':lnd Gap "feasuTeme nt 

In tht" ('xpe"lment.,l work, '\ f 1n,1 attempt 101"0; m.,d", to de[prmJnf' 

therrna] I:-and gap r,[ each diode. For thi s . due t o ldck of thermostat, 

102 Figher oven was u ~e d. In addition . becnu~e of low sensitivjty of the 

lIle tprs, it was not possible to carry out th is ptlrttcul.:tr experiment witt'! 

the fl1ode<; under reverl'le bias. Rather, !'Ielln vo ltages lit which the idea] Ity 

f"ctors (n) In (I := exp (qV / nKT» assumed constant values (I.e . 1.6Y for 

g r een nnd yellow, ] . 7V '"tor n r :lnge and 1 . 4V for Nl fl. diodes) were chosen 

to bias the diodes at constant voltoges. The voltages fo r each EL dJode 

Wer(, checked by Jlt78A HewJI.tt P.ctckard rnultlmeter d lOOnV resolution nnd 

lnput r('sistancf' c)t(,pprfing I010Jl) to fou, slpllHft"nnt fi~\l rt·~. Sev nt,.po 
r 

£1. dlode"~ .... en. fixed to a circuit board and rlnc ... d In 1 horizontal postrlun ~ 
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I" tire q'r;l (t" mini"",.,. tllf f'fff'(" "I tt''lIP(l:llllfl' II,' !<Ilcnl) at 11 tilDe 

and top ,'fodes ~ (' IH~ilted urlo a temperl1tllr(' of 70 I. lhl~ t€'Plpl'r3tlllf' 

wito; the m;1xirnum limit for the EJ. diodes llc;eJ JIl the ('xpf'riment. Slmulttt­

ne,)·!'": turn'lll And tcnpf'r;'lttlre re.1dLngQ Wf'T!' t,l~('H frn ('ilel! diode In tht­

procc!';<; of ("Ll()11n~. NA 3E mullll7leter WAS ut;ed for CUTrenl measurement. 

Temper,HlJfC> rei1dlng~' werc tllkl.'l1 with fI thl.'rmometcr which lind a T;1nge 

from - ;"( ro lnOa C and O.2 D C resolution. RelldJngs were tnken from 

10~C do .... n to r \Of1l temp<,r.lture at lnterv,lis ot .. bout 5 Q c. From the rf'od-

fnRs. 'nl vc; (I/T) ,,,,'is pJott€'d and energy gaps (Eg ) were determined 

I 



- 41 -

Based on tho> l':lt>i.~'1JrtMenl proced uT(>s dco;crlbed In the previous 

!';ectiu'1!'l, thf" [(>!wl t s nbt:li ned (IrE' pr('~entf'n in tldOl ('h'lpter . 

1.1 I-V!;hnrntterjo;tir-s 

i!H' J-V ChllT8c:tcrl!ttics ~tudy rl"veflJ,> that there ex lstR a !lncor 

rer-ioll In t he 9nl V~l V r' lIrve (FI~ .q) whkh extendR flv!!r ., hout two 

de citiles of volt ... tge ( I.W - 1.7V) for most of the diode s except the red 

Olle s. tn rf!ri F.L diodes however. thE' lineAr rer,i on f'xtl'nd'l (lVP t ;'Ibnllt 

the 01 'I'" OIl 0 

• 
, 

• 

1 

" 
" \ 
"I 

" 
· · 
" 
Iii 

-I 
"l " " , 

t!>p 1 int'1lr C~1011'; " curve r1ttin~ ~r(' Ri ven In tab le 1 . 
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rt,ll..9: I-V characteristico; 
of tll~ repregentative 
~amp!p~ from the first set 
(~) 1nd tile second ~et (b) 
of n dif)cips under forwnrd 
bloc:. The <;ru'lple:o; were 
selected on the basis of 
their ideality factors 
which are closer to the 
!"'''11r1 ":1111('<; of their 
r('.'Ipl"l:livp Rroup:o;. 
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ZOUK 

'" 
['able 7. l'lean Vnlues o f Ideality Factorl'l (n) 

l.EO TV'p'l" Mean 'n' VAlue - - ------,....0- -- __ ---
r;nFl:N 1 (J.Q 1131) 1 5J '. n. I" 
HI,I.OI~ J (lQ 1431) 1.65 • o .Of, 

ORANGF (unlden tif led) 1. 29 , 0 . 01 

REIJ (I.Q II J 1) 1. 74 .. 0.17 

GRE.EN Il (1. 4 586-481) 1. 94 , 0.07 

YFf./OIJ 11 ( 1.4 SRIi-497) 1.84 ",0" 
-- -----

Me·"n Pe rcent Ern'lr "' t 

... '1'1 
• • . . . . 

• , . 
I': , , 

1/' 
f.' 
II 
'/ 
/ 

"" ~ II I t ,1 
,--, 8'>1 

UI ..... " "l' 

( 'I ~" 

V.Cl..!.tage RAnge 

J 1., - 1.7 

1. b - l.R 

1.1 - 1.6 

} 1.\ - 1. 

(V) 
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lhe \t~tlues of the ideality he lor range hf'tw'(>n l.U lind 2.0 

indicatlng that both diff'13ion and recC>lIIbination current" ~rf' pre"ent 

within the Riven voltage range. In Fig.9 all of the curvu hove alt\Oat 

con~tant slopes below 1 volt (or < 10- 7 A) except in the red f.L diodes. 

The ideality factor 1n this region highly nceed"l 2 And the cunflnt ia 

nelthf'T due to diffusion nor dut! to r ecombination. WIthin thiA T3I1Rt' , 

the current is also not influencl!:d by temperature. A\ such low voltoKeo, 

the current 1:9 hasicaLly predofllinnted by tunneling /'Ind thIs 1'1 1n line 

with the work of Shih50 . A.bove ""'L8 volt~ (tv> 10- 7 A) deviation (rOIll 

Ifn~iHity iq ohf;erved for allihe curves lind thlR 1111 nttrtbl,[t"d to the 

series resistance effect. Evaluation of the sertes Teststanee valueI'! by 

uctrnp"lat1(l1l for .oil the diodes h48 given valuf>s wHhin the ronge of 

5 - 2') Jl. . HO~f"ver. the!;e results should not be- con:<>idend since high 

injf" C" ti -11 current m1ght hnvt' :111'10 an effect In t'I!S re~don. The r('8\dt 

~h<)"'8 an agr~emell t at least in the order of IIIIt~n{tudf' with the n.o 10Jl 

rr>'-'lst.1nce obt'nllll:d by other~'Jl ,43. HtRh BerfcH J(,qj'1ti'l"C(' Indicate" 

low injection effec1ency. it also affects the li~ht emission efficiency 

tn the region where the setle~ resistance hits sub'it!lntia1 influence. 

('ol'lparison of ideality factor value~ within the fir4t lour group., 
" 

show .. domination of diffusion currents In oran~e EI diodes with n ~ 1. J 

AI'! compared to red F:1. diodes with n =:-' 1.7 In which re('nlltt,fnM ton 

j of the two <:iUS indicate eJ'f'ly currents have greater influence. Compat son 

t ,he Second flt't (I . e. RS F:1. d Lo,I .. ;. 
I1nrl qttong ~rtjeq reqi~t~nc~ effects n 

• 
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",2 c-v {;hn(I1c-te-r ist1cs 

The linear plots of (l/e:.1) A(l'slnst lht' r(>V~T!H' hi;'!!! /lre flhnw n. fur 

six rerreqentative s;:ur.ple~ of each group (Fir .lO), A'I oh'lf'rved (rom the-

Vll],14' of th" corp'in ti o n coefffdenl, the Huc'! II Into thl" d.'1tA rf) l l\ t ~ 

YCt .... el t 'Ihe lJn('arity in all the EI. diodes inrll(':n" thAt the junc tion !! 

:ITt> '1brupt. F:xtr<tpoJatiQn of the curve to 1/(;2 .. IJ (I.e . tht' Inter('('l't) 

ghps \'bl - 2KT/q. Hence, tht' value of t he butlt 1n pC'!tentiat (Vbf) at 11 

givpn tf:>mpera tu re is obta ined for each Et diode {r rlln the intercept. 

be oht.1ined [rom the slopes 85 follows 

(lOb) 

The ratio of the permitiv t t y of the 'Ipmi{'tlIIduftor to thot 1\[ th. 

V.1cuum ( .,,1 f':o} cou l d be "btained from the VAlue for G1I As ( ~IJ I ~"u .. 
)),1) 

And Go P ('-sf Eo ,. 11.1) 52. To evnlullte "f)J"o fnr thp E! di('ldp~ , . .. ed 
• 

in th{' p}l:periment two baRic assulllpt foTlS were JII.Odp. 

1) that all the EL d indes 
are made frO'll Ga A!I) x Px ternnry alloY"j 

U) 'U Yo va.lue changes dependIng upon the variation 1n the 

r.ompos ition of Ar,~P. 

Starting with the 
'I ~ (!Ie ! I r » or thp two 

Jlff"r"IH.e of :) n. R 0 

hlnary cOl'lpOunrl 5. 

l!.( 'b} .. 13.1 - 11. I • 



- 47 -

given hy f.,,/ '\, Iud) - 13 . 1 - (h40/l00)-1J.l , ( 2xOO/100) _ 12 J 

By t1~e 'i.'1!f1(' analogy , ev:)luntion for C. M'O.15 Pf).h5 .1llfi ( .. , AsO. "I r·f1~.W; 

yleldR 1 . R an d 11 . 4. respeC"tively. 

,. 

,. 

• ~ , 

. . .. 

r 

., 
" : . , 

, .. ,.. 

.. 
, , , , , , , , 

• 

, 
" , ., , . '. 

'. II" .... .. . 
'. ""·t!., .,,:::: .. 

" u ... ;· •• . 

Hg.IO: 

.... :;; .. " " .. 
~"" . "",. 

1/r' v~ , " 
• 

'" • .~~" 

'" • .. , 
'" • " 11, 

'" • • ... 
'" • .. , 
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rapfH"tUI C~ Of he ~l'It1re junction. T., "VAl-!I't N". h~ val" .. o f 

car .... 1" oe per 1Il ' t CCl:<1 is Itece'Jsnry Hovev r. I' the experiment, ,h. 
arel'! 01 th'" !unct!o' {'o·dd nol be dt!term[Tl('d II ('''''if: I y. PI! r!ler. Innr h-r 

'0 • , , a.p.h estimate of .iB I j unction 1I.r('<{ of 1~' 3 tll'l 2 ••• taken '" 
11 f .. 1i [' .... tfm:"Jrlon SO The I1lopell arc I'vEilunted by tllklnr the lunctlon 

:ITl',1 tat) fleCoullt n:.d by makln". use of th {t,readyobtalned :8 vall:C!S. 

Ttlf''' ;j'UPC; of Nij arc l:ompu tpd. The resull~ obtllilled arc llul'lfllllrhed In 

table s, 

1ahle J ¥'lIllt 1n potent!:tls ,lind the 1"88 dense donor (Ol" ac:cfqHor) 

('onc:entr.:>tion (Ne) 

LF.D (alar 

I. 92:!.U. 11 11. ) 

FL!.O I 2.f}4!O.J8 11.i! 

OIt,\Nf:F ! (d'n,1I2 11.8 

"2.89!O . 18 12.3 

GPEF.t. 11 ') tl6!O.12 ) 1. 1 

11 . ' 
~~ ----

Percellt Error '" 5% 

f..1'i :'\('('11 C, Oil. the tl1ble, NR _ 10 17 /cm
z 

2 Sl~O.)4 

4.25 1.';2 

O.Altf),14 

1,.63!1,(J9 

2, lHO. 50 

~' .. 'en' 

J. 1).1 I I 

l.JxlO l7 

2.7x}016 

at I~~gt one ~ide of tb ~ EL diode 16 ~~nd~gene rate. Built.!n potential, 

O"served !n lni$ ,",ark. Shlll.u re!'lJl '4 
.1'1(1 ) volt'l lire u 

" ~A ~ ':0 
53 d Schntth' " .... d."'" "'ere li.Jt81ned III othf'T p-n jUo<-lions 1n 
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In f ig.lf) sll .w ltt d"vLuion. of the data potnl'l rru/II the l1'leor 

curvl' nrc obso!rvcc ne 1, \' - O. Thh Rho",s that the F.I. riiod"s have 

variable t-:A - NO concentrations near the Juncti("n, It is attributed 

to the presence of deep s tates which contrJbute t () the cflrMcJtance ",hen 

mobile UH riers are present 1n the dep letion region')), The deviation LA 

more pronounc ed iT: r.rc en 1I .1nd Yello", 1 f.L dindefl which are chnrncter jM'cl 

by decreased NS values in this particular ex periment. 

J.J Till' Re.lationship of Photocurrent t o Diode Voltage 

I !lmiqfl~ ty Iradiative r...J JphotomuitipJ fer 

lhe b!'h<1'.!ior ('"If 1 phot omultiplier CUI r en t dtr('('tly rerlect~ the 

n:'leure of the luminosity of the EL diodes. In n diodes . ·"Hhin a 

volt:l):,l' r"~IJ;'~ undel which diode current hilS a. n ex potlentl rd d~j1endence 

on volt:1ge, the natural logarithm of ptotocurrcnt plo t ted against 

• I • vl\iu e In thls vol til ~(, would ~I:()W if fl (-'.1r b~hil\'JOI. However, C,If! 11 

case i~ different f t The reJ.J tionshlp from the jdeaUty 8e or 11. 

b i t Ft<>.lJ. and n' value .. etwe It lphoto a nd diode VOl tage 1s g 'len n ,., 

S 8r e ~ l ve n in t~ble 4 . 'orrp~pond.ln~ co the I tnear rl'glon of tht- curve , 
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F'JJ..:.JI: PhotOl'llIltip)ler 
CUrrent and Diode current 
agains t voltage at room 
temperature and photo­
mUltiplier voltage o( 
1000V. 

a) Red (1,1') and 
Orange· (1 ,2') 

b) Yell ow I (3 , 3 ' ) and 
Green I (4,4') 

c) Yellow Jl (1,1 ' ) l1lHf· 
Green 11 (2. 2 ') 
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In Fig.il. <Jtricl linearity bctwt>f'n In I V I I ph"to VB "to 

ex f"cteri bec.'1us@ (n the voltage r DRAt" undf'r which" 1'1 C:"nlltnnt thl 

\\Jrrt.:tlt which 1s reRpof\s1ble for rldht1ve rl."combill.lllon sho\lft I n 

ey. flnne-ot i.'1 1 depe ndence on '10 I tAge, In t his vol tilgf' r"ng", thf' dn t II 

point.:; of {n Ip hoto 'IS V ( le Ct 9cale of Fig.II) lHld .[n Idlode VII 

(rJ.;.:h t !lcale) f:it I.'ell to t he linear c u rve . It Is only 10 eh.,. sttmf 

rell-ion that t he lumi no9i t y s hows an expone ntial dCJ1('ndf'llct' Oil vol tr 

Table q . n' ractor 10 L ...... exp(qV!n'KT) 

I Ell ""',)r ____ _ n ' Vii i t.lr.f' R,::mgf' (V) 

l.lJ • 0.08 

I. 18 , 0.01 

GREEr. 1 

J 
1.5 - 1.7 

Y~LI.OW r 

ORANCF. 1.06 , 0.01 1.1'1 - LB 

REIl l. 09 , 0. 0] l.~ - l." 

1. 29 • O. 12 
l.r;-1.7 

I . l'J , fI . 02 

t-le.1n Pe r cf'n t Er r or ( 5% 

A.:; ob~(: r v"d from the table, gentr,111y n' " for "II tilt' t-:l 

d t o low phot0~ultfrllcr currt'ot 
diodes . High 11' val ue is correJa t t' 

the t wo current'l r{.lIlr1 hf' "IN'1l hy 
riu' ;1('tll:1! rl'l;H lon"lhlp bt'!twccn 

f h t ultirl lf>r currrnt ap.11""r a room 

the n<ltH'lll lognr I til'" II d 'u 
..... "ot (Flg.l"). nf,(\(' .' 

1 
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f l g . 12: ~ompnrl~on of 
Ill"'tncurrent ~~~!II~t 
dinde C!lrrC"Jt tJT plnt1-
ml11rtrUe r VOlLl,1otC of 
)1lfIOr . 

n) , ,~t s(' t 

hI ;md ~f> t 
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- .< 
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" 

r. .... " II '1 

1I('le the ';/oP"<: Rive the rf'l:1tlve eff!c'f"urlt>'" (If tht- F.I dlodp'l 

and they serve for comparison ptlrpo~~s. Red Er. djCld~8 I,~"" .... xtlll'''' 

e f1 lrfency as they ('u.'!'ht to bl" due to lhpjr dllect h.,nrt ~ltp. 
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i.6 Electroluminescence Emission Spectra 

The ~ttldy of emission spectra of all the dtodes wa .. carr-it'd nut hv 

::l photomultiplier which has .axilllul:I sensitivity ronge frUIII 'H)(I~"'lnll"'. 10 

m~ke spectral emission study over the entire visible ronge, it V~8 

lIf'e('.<ls:trv to determinf' the ~pec tra l dependence of lht' !wnRftlvfty. In 

,)rder to make the correction, operation temperatur~ of 

f:f lament is kept confltsnt by fixing the current. Fixing the currl'nt 

fixes the value of the resistance of the f!lament. Th(' rehtioo'lhfp 

twtwfcn the resI Rt;lnc~ of the r:uogsten fflmll"nt ,111,1 temp"',1t .. re n!"og with 

til£: correction for the eMission :tnt~nsfty froll! black body to tunglHf'n t~ 

nht"IFted fro," H;).nd Soolf of Ph!'slc8 and ChcllIlo;cryr,s. !'~lpR tilt'! ll'nl'f'111I1r" 

'1Rlue. emission intensity of black body i.s cOl'lput .. d lI'Iin8 PlAnck's 

!,",Idliltinn law (eqn.HJ) at diHer .. nl v8v('hn~ths 

h ( 1 ~ I 

of 1610K hlnck b,'dy emt'ldon Inteo!fity u, ror in~tance. :tt a tetllperature 

l'Iultiplied by 0.446 for • 650nl'l and by U.4i5 fur ). 'I • 467nlll. As.umlng 
• 

untform decren1'le jn the mulliplicathe (3e-tor ~UI the WIIVt'l("IIRth In("ren"lf\~. 

we get 

0. 4, ~7.'-5 -=-70';;' 4~'",.6 
-467 650 

- ~ • - I. ~R'i " 10
/
, 

-18) 

<lR a change in the fac tor for Lnlll "han~(" in ""'\'1elenRth. multiplicative 

'!'1m!";, for ~ '"' factor .... hJr:h lq u"ed lro dl1nt.e 4b8nm, the multiplicative 

i'<.\l of black body to t()) of 

f.ml"l~ion intenflfty of tungsten rr~~ th~ p~t~~ton fnten~ftv nf 18 obtllln"d ,. 

b I [Irk body '
10:111", ((>rr .. ~'tnn fl.t.)! 

f Ino prnC't'dllTe. I following the orpr'o ,., 

t" (lbt31ned for 

Corrl'("tion 
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BIlSI'U 011 this 1 ev., unelon, thl! follnioltnl' co'-reet lon f 'Ctor (urvr 

i~ obtained for the ~ 3 { - 19 photomultiplier at ltA 0 I 
PI!'T~t n~ 

of 2)(lOV. 
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Corretcion f actor for 4>iY - 79 
the waveh ng t h rll nge from 4Q:)nli 
plier v~ltage 1s set to lJOOV. 

.eo 

photomultfplier [~r 
- lDOna. Photolllulti-

E:r.is!'>ion spectrA study W8!1 cArried out fOT ench "roup Rnd thl' 

Tf"$ults were mu l tlp.tled by the correction (lIctOT which correspond to 

rhejr respcctiv~ waveJengt hs. 

• 
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corresp()n~ing peak. v:llue~ arc g iven in Fl g.14. It is taci.t J)' IlS~vn"d 

that 'photo 1:3 r:llrectly proportionn! to em!sslon in t ensity. 
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"PE!('trn t tilE' 

rtt!'lt (.1) nnri 
seconl! 'b) ets 
of EL diode!'; 
ul'lde r diode 
CUrrent of 20nA 
photomult!plH'r 
Vol tsre pf 2300V . 
Peak e,"Is,>ic;n 
II'nvelen~l h and 
ha I f bA TJdwld t h 
Plllorf, f (>R 1\ "(' 

!'lh<1"'n r (O r (';l(' 11 
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/o"lg.111 ~1vel'J ample inforl'llltions about' thp H. diode/'!. 'Ihe pf'nk height 

of the spectral curve giveR tho I t! 
re ~ V~ eMl~sion (nten~tty tn ~rblrrnry 

unitE!. Compari"lion of thesc ula,!v. 'o!'s!on [ ! ! 
ntens [ es show'! that red 

F' dJncies are the most intense. Its intensity Is nllDost double- thnt III 

p,nel"' I which is the 2
nd 

IIIOSt intense. As compared to yellow I , the 

inccn.<lity of thes.:! EL diodf's 18 About ten times higher. 

The bandwidth of the spectral curve gives Borne clue about the 

Mfure of impur ities . Half banowldthsare evaluated to quantify the 

'('Otlri1rt ... on~. Brond spectrum characterizes fmpurtty level,; whIch I'll"!" 

respOIl.<llble for transitions coruerondlng to dH/erent energy levelR. 

rOr j rp'lrlty Jevels extending [0 bnnds, tr<lnsttl0fl.<l co rresponding to 

rij f ~e .. t>nc »lIo~cn energies are possible and thill brOAdens th!: spertrullI. 

If there 15 only one impurity Ind. sheer pt'lik h observed. tn line 

wi 11 thl!'; argument, red EI. diodes show reJativf'ly narrower band tll."/h,,: 

"', (' 1I,)pared to the r!:st. This 1mpl1ee that tJu~ r@' liP mor!: definlc(' 

PI! 'rpp stace s al which recombinatlonsteke place 111 these EL dlodu. 

('If\~f' ob5letvnClon of FL diodes of the 2nd se t show8 flmoU ~@'("ondllry 

J.!,·ak.s to the right (for green) a nd to the left (for yeUow) from thr. 

prlm.uy peaks. 1'1le presence of these secondllry peak., reveals the 

presence of rliffere nt recombination l eveh.ilpart (rolll the prblary one8 

.1nd they are assoeiate4 with dif erent f !mpuri ty leveh which corrl"spond 

The •• additional secondary peak~ correspond to to dlfferent energies. 

joon('r~ff'~ of" nrnngc and ! II w nnd .rt'N1 f.1. d1ode~. yellow bands n ye 0 

1 
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U1':t'all:. the IM!n nod ~('cond8ry pe:1ks ,"lr(> cJo~U' to r:"h 'JlhCT 

and it is difficult LO resolve the tvo at higher lemp"rlJlure. !'letter 

rcsalutlon of the two could be poss i ble at lower tellllper,cure (l.~ at 

,I u.""'p r ry .. ure of HquJd nitrogen, 17K, or liquid hf'llul'l, 4.'), At tow 

t£,mperatures. thermal (lattice) effects are suppressed and only effects 

of imp'lrfti(><; <lre evfdent. La.., telflp~[ature 1s characterize,1 to" (r""7" 

'Wlwn the peaks nearly overlap and cs nnot be rt:Holved} the 

~p",ctr.'tl ghape could be unsymmetrlc all in G" (FiR_ 14a) or the twO rna~ 

be ~~p~rllted as in (Flr.15) 
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RI diortes 3t 10 flnd ~~ ~Ind~ 
F,mis~ lon int('nstty of or&~g~ lJer voitap;'" wn ,'l'Ik flmtl' .. tonll 
curre n ts non 2ROOV photomU t p '1Q2ml and ',econdl!.rf peAk ,In 

I nin puk. at are obl'Jervep . tle M hE' yelloW ban,1 ener~y. 
587nm .'nlet """ co rresponds to t 
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tn the latter case. it is p"'"sible '0 ,e.olv8 the two And t.ll the 

ene-fgy corrcapon-iin., [(I the · ec:ond.r y eI!l1".'on. Thl. tn other words ~oul d 

nl~o ~ive ~ hint to spectfy the energy r h l o t e mpurfty leve l corre~pondjn~ 

to til J ~ secondary peak em! ss t )I: . 

h"' r e is 811 oVf'r l ap of the two peake <18 the diode current ine rene"') 

ttl }OmA . This may be due to the heating effect of thlt c u rrent . As the 

diode i~ heated, more and more impurities lire ionited and in addition band 

).( P (Iec.reases nnd this may cltuse the inlthllly sepsrst!!! enfOrsy levels to 

over p. Tran!o;1tions to 8uch overlApped sUUS n'l'Iult in 1:1 spec.truM which 

s nnt fj naly resolved. 

1111' n th('r Jmportnn t poin t (lbtle r ved 1n the fltllrly of 1-:1. eMhuilon 

pert r I i~ thE> appe~r81lc.e of Sfliall peaks ..,hich are totall y separaced (-roil 

d;p !TIl n (primary) pe .1k. .... . Thut' slIIall peaks hnvl'! ex~remf!ly very IUII8l1 

"!"i ()lI int end.tiel'; but their energies could be spr:cifled beyond doubc . 

A· hl;W'n in (Fig 11) . In green I and red F.l. diodes there /!.re negligibly 

."::"/1 fll'aks corrl'spond1ng to energies of 2. 11eV (or ), .. 58711"') and l.lOcV 

(or A 730nm), respectively. I n N doped GaP, recomhi nation cakes place 

~"t I ill N impurities tlnd ot NN (or N pair) flnpuritlf'l'I . The former is reHpon-

~ nit- for green emi'f!"i('n while the Intter t~ rf"!'Iponnlble f or yellow e'1liQr.ton . 

.. t.ltensi t y of the jelloW' elllit::slon depends on the denAity o( the available 

:m sc. ... tf<$ and the probability of possible recolllblnat1ons nt thue NN IIUCt'<t . 

rht"H~ [Ipp~nd at room temperature on the denAlty of N in C"P. If N 18 l.!!IrJli.jfI~"l ,.. 

dOl"'inate in cht' cOl!lpound sel'llconductor
S6

• 11111 
tr1n~itfons at NN patcR may 

d d of yellow <ml •• lo
n in g reen ' GaP thererore . indicates low 

rp lie..! 1nten<;.1ty 

c:ol"("·nt,;ttion of N jn GaP. 
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,. 

---, ... 

-, .. ,.- ,-, .. , 
Flg.16: emiss ion spectra of rad (a) and green 1 (b) EL diodes at difFerent 

diode cUf1"en.t8 an.d 2300V photo.u1 tiplur volta,:e. In red n d i adu . 
small p@aks ~r. ubserved at 730n. and i n green ones at 587n • . The 
pos itionR of these paakB remained constAnt irr,apective of the 

diode cur r entS. 
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The e ne r gy o t 1. 70e V cor d 
re Bpon s to the lnfr.red re g lon. [t 1 • 

• ore like ly t ha t this small peak might possibly be activate d by relatively 

d •• p tmfntent l o nal Jntpurit y 1.v,l •. S1.11a r b1 . 
reCont nations Ar e observed in 

red GaP H a t Zn - 0 isoeJ4!'ctron1c trap.57. Th d 
eee eep impurities asy 

probnbly he oxygen or CO pper and they 8ff re eponl'ltble for tho low energy 

cmJ.q~ l on .... hle h i s analogus to the red donor acceptor pair recombination 

bnnds commonly o bs erved in GaP30. 

Stud;- of t he ef fect of diode current on the EL peak emiuion 

p"sitlon a t d if fe r ent f o rward CUfunte of 5. 10. 20 lind 30 PIA ahovl!d no 

shift in peak pos Hi on in genera] though in aone ca,e, (R). 0). 8} of F1g.1 7) 

there wert' sJ 19ht sh J [ts . Such very 811811 peak shift8 as current increasu 

11lI!) b,.. ilttribu t ed to t.he heating ef[ect of the d1odf'!II. At htghl!!T ('urt"l!'nts 

(frflm JPtvA to l A) peak c:rh ift of about 2. 5 filII was ob,ervf'd ac co rding to 

C'T.lf(,rd ",. 'II lb . I ndf rl' C[ band I'Ppped scmicondu c tors bEl l'l trl('s Rhowln R low 

QU1'ITltUl"l Yield, high s e ri es re s istance nnd mu J tlpte cmiss ion bande JO , do 

1l1~H1 r'PY'e:ll slight pen k sh tftl'i to hIgher enugles duf' to higher heating. 

As. shown i n Fig. (I 7b). light outputs ('of peaks Are nearl y lfnenr 

with ('urren t s . Slope ~ oi "hese curves give the reillti ve e f fi cienciu of the 

£1. diode:": . 
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fnt~nsLty vAlues with 3 
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1he fore~o lng d lscusdons about the e.inlon spectra of dHrer 

~:L diodes can be stlftllUrl •• d 1n table 5 . 

" 0 co ... wo 
-> .. 

!:RFf.;!i r 

YEL .O~ 1 

OF A"l(;r. 

I<.FD 

Table S. Ave rage peak and binding 

(l~otraps) tor sample £L 

energiQs of Impurl tte~ 

diodes . 

~ 
, • • • ... 

~ , ." ... 
~ • o " • • ~ • > , 

~ • 0 " " ~ ... 0 • ~.!l ... o~ 0« o . o ~ • 0 
~ ." 

-< > -< • ~ .. ~ ~. ., ... y o • 

• o~ ., • ~ · " " • '" .c > y • • .r-•• .y. .... "'. .c_ ,, ~ ... , 
~I/)~ 

... . ... S ." -<y y 0-

0 0 · " " 
s • • • .! oy 

... ~ . · ., .,., 
" " " 

., 
x o .... 0. " · .. ~.., - ~ .c w 

'" " " " -
.~ · . " .,,~ " .. " "~ 

y > 

• • 0 . '" • • • o ' 
0> '3" .." • • .. .. ..... y • 0 > 0 • • '" 0 

.... w • .. • < • ," y ~ . ) ~ ) <l y 

560 5ftO!: ,3 2.22!O.{H 2. 18+ 2.26' 27 30+ H 

587 58?! ) 2.11!O.Ol 1.97+ 2.180 31 40+ 70 

590:!:J 2.10,0.01 2.086 17 -14 

660· 66U8 1. 87tO.02 l. 9J l. 925 18 28 ~5 

GREEN II 562!7 2.21tO.03 2. 18+ 2.261 l3 30 51 

YELLOW 11 593~) 2. 09:tO.Ol 1.97+ 2.18U " f) 
40' 9U 

* Calc:uhted on the usur.lption th¥~e F.L d10du are IIftde fro. 

Ga As! _x Px ternary aIIoYA. 

** Takan from Bergh and Dean, 1976. page )3 , table }.3, for 

comparison purpose,. 

.. The N dc:>pf'd Ga P r esults are consideor("d , 

bE is th(" di ff erence betwu n the e '\HgY JPP {Eg} .nd th. puk 
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The binding energy of Zn in Gn (As, P) EL diodes is wlthln 

,..,30 - • ...., 65 meV 26 ,36 and that of Te is abou t 90 lle V26 . Hence, In 

yellow IL diodes where (ED + EA) - 90 Ite\) recomblqa CiOIl III l ght be ­

through Te donors. I n others. it dight be througll zinc acceptors o r 

by peir emission ( donor to ac cepto r ). Transitions ca n slso take phce 

from i!'loelec tronL c traps to acceptor s or f r om dOllors t o hol e trnp!!. In 

the latter th r e e cases AE is th e 8UII of two binding energies and Jt 

is d ifficult to tell the nature and the type of t ile impurity. 

J.5 Therma l Band Gap Deter_1noUon, 

Practically all of the EL diodes have negligLbly small rever,. 

currentli hecau~e of their large energy gap"'. To ~ e tcrllltne band gn p 

under forward current t he following approach W8& adopted frail S u l8 

10 " [T' exp(-Eg/K T ) IT 'fl' 

-, H rt/2 
T exp(-Eg/KT) 

(20) 

I • 10 [exp(qV/nK1')-1) ~ A exp[-(Eg - qV/n)/~TJ 

In 1 • - (lIT) [Eg + (qV/n) 11K 

whe r e A 1s a cons tant . 

(21.) 

Plotting Pn 1 versus liT yh lds: Eg 4S 

Eg • qV/n - K[! nl l " /T) I ' • qV / n - K (s l ope) ( 21~) 

' .n 1 vs (lIT) 18 shown 1n fig, 18 
wi th Averlge 

The plot of 

Eg va]ues 1n table 6 . 
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Ftg . J8: Nlttur:tl logarithM oC diode current p lot ted ngnfllIH the 
reciprocal of temperature for representative sample 
EL diodes. The straight lines i ndicat . beAt fic8 to the 
experimental data points . 

Tab!.e 6 . Experimentally determined thennal energy gqp values 

LED color Eg( .V) exptaL Eg(eV} theoretical 
(Gft AS1-xPx £L diode) 

GREEN 1 2.21 ± 0.17 2. 26 1 

YELLOW -. ,*. 

I 2 . 07 , 0.0. 2. HID 

ORANGE 2.52 , 0.06 2.086 

RED 1. 76 , 0.12 J.925 

GREEN U 1.82 ! 0.06 2. 261 

'iELI~O\r,' II L86 , 0.06 2.180 

== 
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Snnd lap measurments reveal qult« substantial de viarion froll the values 

of Ga Mil-I( Px EL dIodes corresponding t o their t:olor~. Thb mlly he 

partially attributed to experimental error since In Lhts experiment; 

1) it "'as not possible to control the tempernturfi precisely and 

there might be a temperature gradient. 

11) the use of a torward bios brings about an additional enor 

which t~ lI<;:soc:la ted to the ideality fac tor of ctlch diode. 

Thl! deviati on of orange t-:L diodes ts lIuch h i gher th'-HI ;,1 I the rest. 

Thi! is not at all attributed to experimentnl enOL It rather indicate " 

that the diodes might have possibly been !'lade from som(' nti"r compounds 

or tunary alloys. 

-
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The aiM of thh \lork W 'l~ ,to study inl@cttol1 F.:I. In p-n junction/! . 

A set OJ. 34 ea:nples d lvjd~d into two different groups depending on_ thei,. 

orig,ln were studied optically nnd dec tr lcnlly. Among the 1I0st i.por t an t 

of the parametric ~tudte8 I-V. C-V and Plltission tn;.ensity were chose n 

and the following conclus ions have been drowTl. 

1. From I-V data, the ideality fa c t o r Obtained ranges {r 01ll 1 t o 2, 

i ndicating some deviation frOIll the ideal Scho ttk.y diode eq uations In 

which the ideality factor assumes the value of 1 under fo rward bias. 

Thill tmplil!s that the diodes a r e of wide band gap . ellllconduc:to r s. The 

rever~e current which Is Ius than lO-12A (between 0 - J volu) abo 

give!'! all addition.,) confirmation of the wide bond tap nature. 

2. R,.sults from band gap and pellk emLssion I!:I1I'rgy IICllsure:aen ts Dnd 

cornpdTison 'With the experlmpntal \.Io r ks carr i ed out on similar EL diode" 

"how th"r thp ~:JmpJe LED~ ilTe of Gil (II ... ,,), file condition of ornnge P.L 

diode however. needs Curther investiga.tion, 

J, C-V results indicate abrupt junction" for all t he d i odes with 

bUIlt-In I.' _ 1 . 9V. This llgsin supportB the wJde p~tentj~l~ between g . " 

band gap nature (Le. V
bi

""; Eg>' In addition, 

concentrlltion (N
S

) 109 sbout 1016 to IOI7/cm ' under the aS8uJllption 

10-'< ~ . Thus, all the that the junction area o[ t he diode b abou t ,II 

£1. dff)dE"s are nonde~e.neriltp. at Jeas t on one side . 

t t the photomultiplier 4. Emis.<;lon intensity which iI!I proportlon.!l 0 

diode voltage . Th i s exponential CUTrPTlt ha~ an exponential dependence on 

dependence strictly hold .. within the voJtage r8n~e over wh i ch t he 

Idell] 1 ty fiH:tOt" r efll111n~ COflstllllt. 
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S . COI'Ip.'lriROn of eDltl'lRjon inten'lltlett nr the dtfrt'r-t'nc ("f'lor"l nod 

types of EL diodes ~how that the ked{R) ones 8re the MOst 1ntenu • 

followed by Green I(G). The couses are direct radiatLve t[llnsitlon~in 

the for-Iller and band enhancement by N isoelectronlc traps In the Wtter. 

6. Secondary peak emissions observed in Or8088 (0) , Red(R) and Green [ 

(C) EL diodes £Ire due to slIghtly separated impurity levels. unlntentl~l 

deep trap levels and recomblnatlon~at NN pair tr4ps. respectively. 

7. Only slight peak shift WRS observed 88 a tellult of the diode 

r.nrren t. This can be attributed to junction curnnt heating dhct. but 

further measurement with .ore aen.ltlve instruments will be required to 

find the approprIate relation betw~en the two. 

A. HeusurC!ment of the binding energy (A E) o( tilt! dUl'3nt8 in each f.1. 

diode has shown a result in the rftt\ge frt1ll40ru!V (for Gree n [) to 9o.eV 

(for yelloW' II). This result is tn good agreement with the dna publlsh~d 

e;Hller for Ga P:N. No RlmOar compllrt~lln could IIi' Ibn!!c for OrllllRe & ke,1 

due to lack of data. 

- -
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