0¥

ABDIE ADABA URIVERSITY

FACULTY OF SCIERCE

Department of Physics

EXPERTMENTAL STUDIES OF INJECTION

ELECTROLUMINESCENCE IN p-n JUHCTIQHS

A Thesia

Presented to Tha
School of Graduaste Studiles
and
The Faculty of Science

Addis Ababa Universicy

In Partial Fulfiliment of the
Requirements for the Degree

of Master of Sciznce In Physics

by

Gelana Amente

June, 1987




1.3

1.2

1.4

CORTERTSH

ACKHGHLEDGEHEHT v
ABSTRACT v e

LIST OF FIGURES . . . . . .

LIST OF TABLES e e e e

INTRODUCTION . . . ., . PR .

THEORY

Injection Mechanisms e e e e e,

1.1.1 I-¥ Relaztionghip in p-n Junciion .

1.1.2 Junetion Capacitance . Lo

Group 11I-V Semiconductors e e s

1.2.1 Ga (As,P) Ternary Allove . . . .,

1.2.2 Igoelectronle Centars . . . . .

Radiative Recombination Processae

1.3.1 Possible Radiative Tyanslitionsin LEDs.

1.3.2 Recohination Einetics in Géiéslnx PN
{

1.3.3 Minority Carvier Lifetimes .

Nontadiative Recombination

1.4.1 Defects and Dasp Impusity tevels. |

1.4.2 Avger Recombination . . .

Degradatfon in EL Diodes . . ., . . . . .

Page

i1
11y

Iy

10

14

15
16

19

23
24

30

31

32

33

[




31

Ity

v

FOMATERIALS

2.1

2.2

2.3

2.4

EXPERIMENT

3.1

CONCLUSTOH

REFERENCES

AND METHODS OF MEASURRBMENT

sample Specification . . .
Electrical MHeasurements R . '
Optilcal Heagurements . . . '
Thermal Band GaP Heasurement ‘

Al RESULTS AND DISCHSSION
1~V Characteristics .
-V Chavractearistics . . .
The Relationship of Photocurrent to
iode Voltage . . .

Electroluminescence Emisgion Spectra

Thermal Band Gap Petermination

S ? & L] » * *

* v v v + . 2 3 t

Pape

35

36

A1

43

46

49

63

66

68




ACKNOWLEDGEMENT

I want to pass my cordial thanks to my Advisor Dr. P. Hrushka
who has assistedland gulded me dn this thesis wo?k. I am indebted to
all wmy Lecturers who have shown sinscere cooperation throughout my
M.S¢ training. I am also grid@ful to all members of the Physics

Department of the AAU vho have delivered thelr unreserved cooperation

whole heart@& - throughout my experimental work.

Last but not leaét} I would like to thank Ato Girma Dagne who
devoted his valuable time and cavrefully assisted me on the technical

part of this thesis,




11
ABSTRACT

Experimentai study of opiicnl and electrical properties of saix
different groups of electroluminegceat diodes {LEDs) wag carried et gl
and near room temperatures. The flrst category of the diqdea congisted
of four groups of red (LQ 1131), orange {experimental samples without
catalogue number) yellow I (1LQ 1431} and green I (LG 1731) colored LEDs
fabricatd by TESLA Electronics, In Czechoslovakia. Each of these groups
consisted of seven samples. In the second'category, there were two groups
of yellow II (LED, 586-481) and green LI (LEDy 586~491) colored LEDs each
with three samples. These second category LEDs were fabricated by Radio

Spares (RS) of England.

Comparative studies of I-V, C-V, luhore ~Vs emlssion spectra and
band gap were carried out for all these diodes. The I~V characteristics
revealed that the {deality factor 'n’ In LooedV/nKT ranges from 1.3 (for
orange) to 1.7 (for red) in the first four groupa. For yellow Il & green II
this parameter has values of 1.8 & 1.9,respectively. These values of n
yemained 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 diodes have abrupt junctions ﬁith
built- in potentials of 2.89, 1.63, 2,04, 2.14, 1,92 & 2.06 eV for red,
orange, yellow I, yellow 11, green I & green IT, resPectively‘ The
Iphoto vs V study showed that luminosiey (“’Iéhoto) has an exponential vol-~

tage dependence (of the form e4V/MKT) {4y the voltage range over which the.

ideality factor (n) nearly remained constant.




CEBmission Intensiiy peaks were observed for all the LEDs ab wave-
lengths {energies) of 560 wmm (2.215eV); 587 nm (2.11l4eV); 590 nn
62.103ev3; 662 nm (1.874e¥); 562 nm (2.208eV) and 593 nm (Z2.092eV)
fpr green I, yeilow I, orange, red, green Tl and yellow 11, respectiygly.
Spectral! emission study ané band gap measurements showed that the LEDs
are of Ga {(As.P) with the exception of the orange LEDs, which in some

carnes showed deviations from the values of orange Ga (As.P) LEDs.

Radiative recombinations occured for the red LEDs at an impurity
level of about 50 meV and for green at about 40 meV from either band
edges. For yellow LEDs fhe values were ag high as §0 meV. An attenpt was
made to evaluate efflciency of the light emission for the EL dlodes,
Light emigsion intensity comparison revealed red LEDy as the most intense
followed by green Y, the recombination of which might have possibly been
aselsted by nitrogen fsoelectronic traps. The small intensity value In

all the rvest of the diodes might be asttributed to the absence of the

iseelectronic traps.

No position shift of the peak ewmission energy was observed with

diode currents for all the EL diodes.
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THTROBUCT IO

Luniinescence, 1s a phenomenon in which ldght s obgerved.when
electrons excited to higher energy states gmit photons with energy in the
viusible rvange ag they resume lower energy states. In semiconductors, the
electrons recqmbine with holes at the lower energy siates. Luminescence
is a nonequilibrium condition since the excitation process disturbe the
équﬁfﬁfidﬁfa‘ S0, thermal emisgitin (where internal equilibrium is main-

tained} 1s not classified under luminescence.

Light can be generated in almost any matervial under the influence
of sufficlently high energy. The energy can be supplied in the form of
light, by particles moving with high velocities, by clectric flelds
(currents) ete., The type of luminesceace 1s usually chavacterized by the
excitation mechanisms which involve photouns as 1n  photoluminescence, fast
moving electrons a3 in cathodoluminescence and electric flelds or currengs

as lu electroluminescence (BL).

EL ig a mechauism by which clectrical energy is converted to light
energy wherein the emission ovf light {s at a rate far in excess of the
thermal equilibyium rate. In EL, the excitation can be carried out intrin-
gically by exciting t#é glectrons with high electric fields (referred to
as field effect) or by applying currents such’as in injection, breakdown
or %unneling EL. EL whichkis exhibited in many bulk or undoped materials
under high field conditions is due to field effect. A doped junction on the

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

of excess eclectrons and holes at the proper energy levéiﬁ.l




Emigafon of Mght by dInjection of minority carviers in p-n junctions
under forward bias 1s the wechanism of operution of Light Emltting Diodes
(LEDs). Thi term LED is generally used for technical applications. This

thesis however, exclusively deals with EL 1in p~n junctions.

iversince the First luminescence in junctions was observed in Siff
crystals (i.e. crystals which have built in p-n junctions) in 19232, many
atfempts have been made to study the emission of light {n junctions.
Particularly lately, possible ways of both radlative and nonradiative
transitions were studied for different materials as a result of which many
recombination kinetics aquations have been develop&éé This has broupht

about a new level of knowledge in semiconductor junctions.

LEDs are usged as display elements, indicators and optocouplers
{which have wide use in opto electronics) on account of thelr small size,
relacively small heat éiﬁ%ipﬁi%i@ﬁ, fﬁst rise time, endurance under mecha-
rilcal straln, and better gultability because of their potential for their
eye catching brightnéss. Besldes, thelr use as a supplement to the existing
light sources (though the condition of large semicondugtor lamps Is still
an thg rescarch stage) and their ability to operate under certain specific
conditions still Increases their importance in some respects., For instance;
yellow green GaP LEDs show excellent match with the eye sensitivity better
than any of the presenily existing light sources®. The constancy of
efficlency as their size decreases puts LEDs on top for small size {llumi-
nation, Their broad speciral output is also oune of the reasons which

escalates thely demand as multicolor Indicators.




Unltke other light sources, end of life fu LEDs {s nof agnoclated
Lk catasivophic faflwebut only indicares rveduction by invenaity; a
sign  which could be taken as a varning. LibDs are endowed with long
service iife which exceeds that of incandescent lamps by at least two fo
three orders of magnituded. According to Chin et al 5 mean time to fallure

in LEDs is given as « 107 hrs at 60°C & 6x107 Afcm?.

Current studies and efforts made to improve LEDs put'large emphasis
in finding mechanisms to éptimize s éerformance by increasing its efifici-
ency and to winimize degradation (i.e. logs in intensity with long service
time). Exploitation of the avatiable colors is also one of the important
points which {g éiven due regard. This is a broad field to be tadied hoth

in theoretical and experimental physics.

Improvemens of LEDg basically focuses on the improvement of
radiative recombination mechanisms. It can be done by zalection of proper

material type and ayitable technology.

In order vo qualify as an efficient LED material, a gemicounductor
mist have as a first requirement, band gap of energy graater tham 1.8evo,
Assuming direct transition from the bottom of the conduction band to the

top of the valence band, the energy of the -emitted photon 1s given as

| 33108 - ,
By = MW= hoe/n E 6.625x10 ‘3;36 J-sec m/sec

For red light, A 2700 nm, and E, e~ 1.8eV

£
As a second requirement, 1t should produce gtable p-fijunction
without much problem in the production technolopy and 4t muse provide

favorable radiative recompinabion transitions,




Divece band papped semiconductors provide more favorable conditlons
as fav ss radlative recombination processes are concerned when compared
with indirect gap semiconductors. The probabitliy of radfatlve transition
in indirect gapped semiconductors is very small becauge the momentum
conservation law should he fulfilled in these materigls as will be ex-

plained imter .

All of the group IV semiconductors are indirect gap semiconductors
and they have smaller energy gaps (with the exception of si;.) than afor-
mentioned, In Si& however, efficient luminescence is observed even at tem-
peratures greatly -exceeding room temperature but the perforwance of this
compound semiconductor is limited by severe technical and economical

problemsz?ﬁ.

Despite the fact that some of the group TLI-V compound semlconductors
are indirvect (and hence inefficient from this visw point), they form one of
the potential sources of EL materlals. The direct band gapped compounds of
thig group have relatively narrow bandgaps among which the well known ig
GaAs (Eg = 1.42% eV at EUOK)? which emfis in the infrared region. The
remaining dicect gapped semiconductors of this group have either crystal
growth or electrical cogﬁuctivity<prohlemé‘ Compounds of this group are
more of ionilc type vhen compared with group IV semiconductors. As one
moves from the central IV coluwmn of the perindié table tgwnrds the relati-
vely more i{onic bonded compounds, the o rofnre,
group II-VI semiconductors have larger band gaps than even group LII-V

compound semiconductors. The relatively larger energy gapped compounds to




the contvary are chavactevized by pooy wobilities and perhaps inabflity to

promote conductiviiy ol both types of careiers {i.2, electyons & holes).

In othersords, due fo thia latier problem, jinction formatlon s difficulg
oy impossiblg in such compounds. The two constraints can be surmounted by

selecting compounds of lighter atomic constants from the higher rows of the

periodic table,

Most of the binary compound YIT-V gewfcounductors that have an advan-
tage of larger energy gap are indlrect, but the ineffleiency due to the
indirect gap ean be improved by introduction of proper types of impurities

such as isocelectronie traps.

The core in the study of the performance of LEDs iles in finding
the causes of radiative and nonradiavive recombinations and ways of enhanc~
ing the radiative ones. The yuantitative dominance of yadiative recombi-
nations over nouradlative recombinztions indicates light emisalon. Since
indivect band gaps favor nonradiative recombiuations, impurites play
prominant role in tﬁe indirect reglion and greatly influence the efficilency.
The study of the elecirical and optical characteristics of LEDz is thus
linked with the role of different types of dmpurities in semlconductors.

Studies of sueh parameters indicate the status of LEDs,

In this work, I-V, C-V & L1V echaracteristics were studied. Besides
emission spectra and thermal band gap measuremeﬂ%manﬁ gaken for 34 samples
of commereial LEDs at and near room temperatures. In the results, some of
the quantitacive parameters obtained in the study were pglven in the from

of tables. Artempts weve also made to correlate some of these parvameters




wiih radistive recombinarfan Process The discuasfons  taelude some

qualitative vemarks relevant to 1

perfornance of the differeni colored
LEDs and to the effect of tmpurities. The work Is wmore of a comparative
¥,

type and hence, similarities and differences between the two catagorles

of LEDs are given in each section.




1.1 INJECTION HECHANISHS

Luminescence in LEDs comprises of three major ﬁtagegg. The first
is the excitation process (l.e. injection of minority carriers}. In the
2nd pare charge transport and capture take place and Finally the charges

recombinag  radiatively or nonradiatively.

In binary compound LEDs of group ITI-V, elements of group VI subsci-
tuting Group V elements in the compound act as shallow donors and group 11
elements substitucing group (11 elements act as shallow acceptors. For
instance, in group ILI-V compounds, elements such as {8, Se, Te & 5n) act
as shallow donors and (Cd, Zn, Mg, Be) act as shallow aceceptors. Ge & 51
are amphoteric because they can act as donors or as auceptorslo. The donorg
and the acceptors are substitutional impuricies since electrically active

impurities usually ocecupy aubstiturional sitesll,

At room temperature shallow donors and acceptors possess localized
energy levels of Ehe order of 26 ﬁeV ffnm the conduction and valence bands,
respeétivelylz. Hence, owing to thelr low binding energy, they are
easily ionized at room temperature unlike deep impuri;y levels (i.e. states
whose energy is close to the intrinsic Fermi level). Jhallow donors and

’

acceptors therefore, act as _activators of luminescence.




Fig. 1l filusiraies how injection £l takes place fn p-n juncifous,
v
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Fipg.1(a): Schematic representation of energy states through p-n
Junction at zero bias. (b): p-n junction under forward bias (Vg)

conditiona. The Fermi level is Fer n & ép are quasi Fermi
levels, Ff is an impurlty state inducting radiatigsl, fAfter Berah &
Deaniéj

As separate entitles, pén semiconductors have differgnt Fermi energy
fevels whlch are dependent on the doping concentvations, In p-n junctious,
before equilibrium conditions are reached , electrons and holes [lgw into
opposite sides untdl an internal eleceric field 1is estahliéhed across the
Interfacial regionl The flow continues uuidll the magnitude of the field is
sufficient to stop further flow of charges and the Fermi level on both sides
equalized. Electric field arises because of the apace charge distributions
of the thermally ionized donors and acceptors. The region wvhere the field
ls builtin is free of mobile charges. Only jonized donors and acceptros

are present. This region is referred to as the, DEPLETTON LAYER.

The location of the Fermi level depends on the doping concentration.
For low doping concentyration, the diode would be nondegenerate and the

Ferml level lies within the forbidden pap below the bottom of the




coduciton band (Ep) ov above the top of the valenee band (lags . At higher
doping cuncentrations, Ep iies within the conduction oy valence band dapen-

ding upon the bhigh doping concentration of doners or groegprors. In mogk

LEDs, one gide is always deguneratei3 bacause of the following two veasons.

i) The barrier height reduces by the velue of 2, where £ 1o the

energy difference between Ec and the new ¥Fermi level.

ii) In the heavily doped side band £41liug rvises the threshold enarpgy
absorption by & such that the emitted Iight traverse$ this smaller silde

without much absorption,

At zero bias, thare is no net curveul since the number of minority
carriers which are being swept down the potential baryvier is compensated

by the game number of few wmajoriry carvisrs which can overcome the potenidal

barrier,

At forward bias, the enerpy barrier decrsases in proportion with the
magnltude of the applied voltage. The number of the minority carriers which
are sweblt down the potential bavrier vemain constant but the number of
majority carriers overcoming the newly reduced pot@gtial barvier increases;
These majority carriers.become minority as they eross the junction and

hence,; the name minority carrier injsctdion.

The injected minority carviers may recowbine within the depleﬂﬁﬁ
region oy within.a diffusion length distance from the depletion region.
Host of the recombinatlons within the depletion veglon are nonvadiative
while recombinatlons outside the depletdion region may be radiative or non-

radiative dependinpg on the loeasien ©f ths fopuricy ievglﬁiééiﬁs




1o -~

Hador forwsrd bias, Ltwo guag! Farml bevels appear ecovreaponding to

crler within the depletion vegion. These two levels describe the
coitceniyation of Injected minority earriers although these carriers sre not
In thermal equilibrium with the majoricy carriersi®, The separation of the
guasl Ferml levels iwpliss that a shallow dono¥F-necepior may be {illed with
electrons or holes only near the u or p sides of the junction but both will
be tonized elsewhere within the junction. Deaep levels which act as recon-
bination ceuters may lie within the quasi Permi levels throughout the junc-
tion wheveas the recombination at shallow levels can bg significant only nec.
the edges of the depietion vegion or withla the winority carvier diffusion

length in the n and p region adjacan: Lo the junc:i:ion”e

1.1.1 Current Voltage Relatfonship im p-un Junctilons

In ideal diodes, no recombivacion 1s assumbed to octur within the
dapletion region and the oanly current in such dlodes 1y diffusion current,
which 1s cavged by the diffusion of majority cavelers into the minority
side on account of the reduced baryier helght. Using the continuity and
Fa
g%isaon equations and assuwming small injectdon, the ideal diode

equation is given by 18

)

L= (I b Ipe) fexp(qV/RT)- 1} , (1)

#

where Ly * Ipo = q|512 [(Dﬁ/Lﬁ)Né+(D?/L§)Nﬂ}

Dgp & D are ditfusion coefflcients and Lag & Lp are diffusion lengths of

)

holes and electrons respeatively, %? & Ny are concentyations of acceptors

and dmnorgérqris the iuntrinaic carrvievs eoncentration,




~ 11 -

Fan. (P} oniy bolds in parrow  band gapped serodcondactora, in dlodes

Aoty that e te the 80

with larper enevgy pops, sevaral addirfouns] §red

fosion vurrent as n resulé of which mod!fication of s, b} ks requived.

Underforward biag, eqn.(1) Js affectod by 19

1 recombination of carriers in the depletion region,

ii) gseries resistance effect which results in voltage drop acorss the
bulk and contacts of the semiconductor and haz significant offect

nt large {orward bias,

L) hipgh Injection curvent wherein at feiﬁhvely larpe forward bias the
minority carrier denafty bscomes compavable to the majority carvier
density,

iv) tunneling curvent effect at low forward hlas nand

v} surface effects caused by defects on the suriace that 1ink the

conduction band states Lo the valence bapd states and create a

shunt path.

At an intermediate bias (i.e. voltage range over which most LEbDs

alow velatively efficlent performance), only recombination current competes
with diffusion current and the influence of the effect of all the nihers

can be neglected. According £o Sze 20 recombination rate 8 (In units of

e aee) is piven by

Row e o "o %0 Veh(pn = ma?) M (22)
'y %n!ni ﬂxpi(ﬂt*ti}/KTig 4 Jb%p+ni expi(ﬁtéﬁf)/ng@




uhrlls A ff 97 wi e bhe hole  pnd clectron capbaye oo an secblons rogpoeck fvely,
-

Vi the carvier thermall veiocity, Ry the trap density, E¢ the trap enerpy
tevel, By the futrinsic Fermi lavel and ny the intyfusic caryfor density,
At nonequilibrium conditions,
P = niz exp (qV/ET)

ifence, substituting for Pt in eqn. (2a) ylelds

5D§n ‘th Mo npflexp (qV /K1) - 1]

B o= _ e U T s ( ?b)

(fhfé“‘t“t (_xp[{E wl"j)/f{l}}; ir—fﬁ 3 p%g.{ exp {(Eq- fr)/RT] }i,

Uatng the asammptions ¢hat gy = Ey  and g7 (i_"], =g,

o \"s"n Nr “i {explav/rT)y - i}

R 5% [l - n_,i—g ;-‘I _._ﬁ_ii}_,_w, e (2(:)
But, since ity exp g {‘EJ - (f) n} /KT gnd

7= Ny oexp {q((g)p« 3{; YR
Whers ‘%’ is the potential of the intvineic level, R asstimes maxinum value

In the depletion region when 3?‘ & (é’?rﬁ %p)/}i

gy 1 fexp(qV/KT) - i} :
T et j_ AU MANTIES N et (2d)
nii‘e‘(p[qV/Zi"r '} + explaV/2KT] + 2 }

For V > kff’/q eqn. (2d) veduces to

Rosa (') o VenpMeng cxp {qV/2Tm) . {2e)




)
b

The rocombingtion currvent dennfiy ta olven by

oyt
._i}‘ﬁ",: = :; qidx =t {gu/7) o Vinting expiqu/2r1) { )
o

where YW s the depletfon layer wideh,

Therefore, the total forward current density for Pra” iy,
and V > (2KT)/q ie piven as

Jg = q(Dp/?%J% (nizlﬂé} exp(qV/KT}%{qw/2)e”Vthﬁﬁniexp(qUIZKT) {3h)

This, for junction af constant area reduces to
H

Lo Ty exp (qV/RDIHT, exp(qV/oKT) (4)

The first term on the right gives the diffusion current and the
sccond with a factor of half in the exponential term represents the
recombination current, tg and 1, pive veverse satuyration curvents of
both components, If (vappjulk)'is taken for ¥ fn eqn. (14}, the IR tetrm

.

titkes care of the geries resistance effect.

Owing to the fact that the tfotal current depends on two currents
which have two different exponential dependence, ander forward bias,

equ. (14) could be glven in a more compact and experimentally suitable

form as A

I = 1, exp (qV/nKT) 2 {5a)

vhere "n' the Idenlity factor, 18 equal to unity for colplete

dominance of diffusion current over the recombinaiion cyrrent and is

equnl to two for the reverse case. Lo In equ.(5a) is a complicated

parameter wvhich depends on temperature, intrinaic carrier density,




~1h -

captare cvorg secitons af eleetrvons and holes ar the rocombiinnt fon

tenters, the position of the trap level relative fo the intringsiec Fermd

. .
level and the concentration of the trapping Jeveial!?,

The reciprocal of tiie slope of Ini  against valtage vislds the

%

value of the ideality factor:

0= qfK T [ BV (tnl)} (5b)

1.1.2 Junction Capacitance

linportant information about ¢he nature of the doping concentration
and profile at a p-n junction can he extracted from the measurements of
the junction capncitance paviteularly ander reverse Liag., tn this case,
the capacitance is mainly aflfected by doping concentration of donors and
acceptors and the capacitance {8 referred to as depletion layer eapact-
tance. Under forward Bbias however, reavyangements of minoriety carvier
density brings about diffusion capicitance ylilchr contrihutes to the

depletion layer capacitance.

To obtain deplavion layer capacitance, statijug from Poissons

equatlon and making an abrupt approsimationsl

- a2 fad

i

AL Y

1t

(rlé}? N ‘_F'_(x)“n(x)ﬂ-:n""(x)—xi\:f\;(;:)j (hn)

I

(- 2ufp 22). (/g5 ) (Hy-n) for 0<xxy, (6b)

(-8 2\rf§x2)=~(t|/§5 ) (Bp-p) for -xy<x<0. (6e)




- 15 -

Integrating tiiene equations ruice yields,

= Enlx - 1F20] heve (8- qGeade, B o Oepdn, & ()
Ve = (/D) Eai = (/2 En (i) (8)
W = g(zé?s/q){(NA%ND)/thnj(vbidng/q) } '3 (9a)
which for one sided abrupt junction gives
W = P2 gﬁfq}ﬂg)(vbi - ZKT/q)}% {9h)

where N = Ny or Np .

Evaluation of the depletion layer capacltance usin,, thiaz glven value

of depletion layer width results in
C = (dQe/dV) = d{qngﬁ)/di(qﬂﬂfz Pa)u” )
= ZafW o [(g Ballp)/2]3[Vy gV - 2RT/q) (10a)
The '+' sign {8 for reverse bias and the '-' sign is for %urward biasz,
From edn,(lﬂa) the slope off}/ﬂz) varsus ¥ cuvve is given by
(/G2 /dv = 2/ (g Zaly). ' (iﬂh)

Np could be obtained from the slope provided £s (1.e. tpe permicivity) is
known, The intercept of the curve (at 1L/{7 = 0) gives the built ia potential,
/

1.2 GROUP 1J(~V SEMICONDUCTORS ’

y/ Luminescence is obsevved in wany of the binary conpound semicondue-
rs of group I1I-V which consisi of both direck and fudirect band gap and
b

in group 1i-Vi all of which are diveci gapped semiconductors. Newertheless

only few of these binary compounds have gained cosmercial Interest because
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i technological and ccononte factors. The need For wide band gap semicon-

Hitors o ootain wide speciral range hay necessivated rhe use of Foarnary
alloys {i.a. combination of two binary compounds) as practical LEDs since
in sueh alloys energy Bap can be alcered, at will, by varying the cowmpo-

aition. )

From among the teroary alloys, GayAly_yAs is Important for irg
direct energy gap which extends upfo 1.9eV at 300K and becpuse of the small
mismatqh between Ga As & Al As compuund322"24; Inj.y Ga, P has also a
direct transition EL peak which persists upre an energy of s 2.2V
(Xé < 0,74)25, 26 Despite rhe advantages that these two alloys have,

Ga Asy_ .0, LEDs are 1eéding commerciaily due to the availability of Gafe

substrate and for their ease of growth aml junction format Lonl/,

1.2.1 Ga(As,P) Teruary Alloys

The advauntage of Ca Ay 4Py ternary alloy over its binary coirpouind s
(GaAs & éﬂP) is its éimp}icity of grow;h, Besides, as the compositions of
As & P vary in the alloy, the band pap changes from the aipdmum value in
GaAs (Eg = 1.424eV  at x = 0) to a maximum value in Qap {Eg = 7,.261eV
at g = 1)28= Thia shows, that Ga P ia added to GaAs  for the gole
purpose of {increasing tﬂa ;nergy pap. Ga As is direct energy gapped while
GaP s indirect but there exists a critical comp@éition value at which a
cross over from direct to indirect takes place (Fig.2). The critical cross
over value is x. = .45 ar 00K according to Szgzi Dean?? and others30, 31

but further Investigatcions by a number of researchers3Z~35 haye shown that

¥e = 0,49 at 300K, Above this eritical value, transition from divect




f@ﬂﬂ) fto indivect X(i00)  takes place and most of the electrona regide
T iy ad Lbhe covress

con the X ovalley mindma. At the cross uver poloi, |

ponding energy {(for x.= 0.45) is By = 1,997 eV (Tlg.2a),  The mintmum

enecgy gap at any arbitvary composition (x) is piven fou (% = 0.49) by36

Ep(x) = 1,641 + 1,091x 4+ 0.210x7 (1ta)
Ex(x) = 1,907 + 0.)44x + 0, 211x7 (11b)

In LEDa, the color ds determined wmainly by the enprgy pap and hence
the composition variation slters the color. For instance, 1a Ga(As,P)
LE”S’GH Asg, 6Pp,4 emits red (&= 64%9mm), Ca Asg 35P(, 44 enlis orange
(A = 632nm) Ga Asg, 15 Pp,as enlis yellow (Z = 58%mm) and GaP? emits green

{ 2= 5?0nm)37.
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Fig.2: (a) compositional dependence of the divect and indirect energy
bandgap for ke Py, (b) Schemaric enerpgy and momentum diagram for
Ga Asy_,Py for different alloy compnsitions [After 8ze2B)




. . As seen In Pig.?,, when z is Tnereazed, ©he [00G] o 1 conduet ion
band minims shift upward and there is  a ddrect-dndirect tronsicion as

FLO0] or X wiuima becoine lowest in energy. Thig takes place for = > 0,45,

The series resistance and the forward blas voltage of the diodes
Increase with the phosphorous content of the crystal, The increasing
composition of As in the alloy besides veducing the indirect band gap
enhances the absorption coefficlent at or very near the hand gap due to free
excltons and free hole electron pairsgz, The reason for the enhancement of

this absorption is due to the fact that momentum is consgrved by scattering

at the As impurities.

Lightly doped dioden of Ga(As;P) behave fn a manner similar to
GaAs  din the divect band gap reglon and giwflar to GapP in the indirect

hand gap region.

fn the indivect reglon, no tvansition ean take place without impurity
assistance, Here wmomentum is conserved through the absorption or emlssion

3 L Y
of phouons each with anergy N and appropriate wavevector Kp such thakt:

~ LS s )
Kp = Ke = Ky (12)
In direct transition, no phonon 1s dnvolved and photon monentum 1sg

s

negligible. The tmpuritles play the role of conserving momentum by
scattering. Such transitions are leas probable since unlike the direct tran-

QHjﬁngliﬂ the indirect transitions the avallabillty of phonous with

suitable momentdl, is essential.
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Low radiatlve recowbination probabilicy for fvtyineic Iuminescence

] '

% heesuse of second order naturo ofb dnterbavd  transicion in imdirece

23y semiconductors. The need for impurity centers such as isoelectronic
traps which significantly fncrease the radfative recombination in indirect

band gapped semiconductors ig therefore very high.

1.2.2 1lsoelectronic Centers

The efficiency loss in the indirect region of fiaAs)., P, alloys 1s
improved by an introduction of isoelectrénic traps to the erystal. An
isoelectronie trap 1s an atom of ithe same valence as the hoat atom but with
Favger electronegativity {f 4t in lighter (l.e. in the upper row of ihe
periodic table} than the host arom38. Thig is becauge of the relatively
exposed nuclear charge and 1t acts as an electron trap, Alternatively, 1if
the substituent atom is heaviep 1t acts as a hole trap. Once the electron
is bound, the i{socanter s charged and a hole is readily trapped In the

resifliing long range potentisl to form # bound exciton,

At exciton is a mobile combination of an electron and a hole at a
certain distance from each other, Exclton states are formed through
Coulomd Interaction between free electrond and holes. }f the axcitons
are bound to ionjzed” inpurities, they are referred to as bouund excitons.
Such bound excitons ecan decay ({.e. the elecirgns and tales can recombine)

at the dmpurity states or &t the igotraps,

An isoelectronic center {s obtained by doping the ternary alloys
with atomic ¥ or By, or molecules like 74-0 or (4-9 10, They are

referred to as atomic or moleculsr isoeiectrona)rGSpnccive}y. The
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v

alemental igoeiecirong sobastdture ope of phe host atoms vhereas Lhe
candeeuinr Igzoelecirons substituce eliher of the tvo houy Aioms, In the
case  of @B{AS,P)S deping with nifvogen vosults in replacement of
niﬁrogﬂn for phonphorous to produce an electron trap level. The binding

; . e danldds 19
energy of R ig about 10 mey but 1t has s large capture orogs sectlon®ss 3y,
Hence, N (s a shallow isoelectronic Erap In Ga Asy., Py ¢ N uniike

ZnGRNOp M Ga P that induces a relatively deep recombination level aa

a recult of which a Jou energy ved Tl 45 observed.

The wechanian by which an igoelectronie trap enhapeces radiative
recombination s desceribed from the view point of the narure of the

electron wave function In the presence of nltvogen in Godsp oy Py

The modulus of the wave function of an electron hound to a
nitrogen isoelectronic trap in Ga Asg ., Pe ¢ N 13 enhanced near K = 0
because of ¢he presence of ' conduetfon band minima. When an electron
Is bound to the Immegiate viedinity of the nitrogen Lipurity, 1t i3 acted
upon by a shorg range potential, As the trapped electron binds a hole and
an excicton is formed, rhe exciton is bound to the lmmediate viciniey of
the N impurity. The hole ig anta upon by a long range Caulémb potential,
Iin this case, the Have funceion of the electron and the hole overlap., Due
to the overiap, no phonon is involved during the radiative Eransitions
(even if the transftion iy indirect) when the b;und exceltons &ecay34.

In other words, isotraps change the indirecr energy gap to a quasi

diveet one, They have adverse effects iu the direct band gap reglon.




- 91 -

The weehanian by which ihe afiiogen isoeleciranic ivap enhances the

vadiatlve vecowbination fu the {ndirece ropion fa ketevved to az rhe Band

Structure enhancement (BER),

In an isvelectronic trap, the potential assoclated with N lsoelect-
ronlc fmpurity is of mshort range nature. Campbell et al3% gave a quali#nw
tive description of the behavior of N in ternary Ga Asy.y Py ¢ N starting
with the one electron SchrBdinger aquation and obtained the modulus of the

wave {unction of the bound electron in momentum repregentatlon in the form

of
[Pl ? = 812 et A/ (a2D% 111 (B by (
where B 18 a congtant and ;ge (EK-FJXQ ~ B /s . Eq is  the

conduction band edge in the reglon of the Brilleuin zone labeled o,

éwi 1s a measure of the extent in eunergy of the conductiop baad in the

th reglon and Cy is the norwalization constant.

of

The probabllity density ié;c<i}i 2 s atrongly affected by
the value of (Eg - Ey) f5 the denominator of eqn.{(13) Ep = Ep
at tﬁe " conduction band edge. fAs shown In ¥lg.3, Ep & Ry come
c¢loser in the region a l4ttie bit greater than the cross over point.

This shows BSE in this region,
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Fig.3: {(a) Modulus of ithe wave funcrtion Pb<§)i2 , of an electron

bound to N Isoclectronie trap in Ga Asy_, PN along the

symmetry line of the Brillouin zc»mz._b(h} Prohabiltity density,
(.(!})i,? of the bhound electron at ¥ = 0 () in Ga Asp.y Pyl

The optimum brightness lles wear ihe red orange boundary, but the

varlation 1s velatlvely small throughout the red yellow spectral

ranpe. [After Camphell34]

. X : .
i(l)c(k’\)‘ * has a Jocal maxima at 1' which is due to the BSE, The
effect of BSE on no-phooon radlacive transition (s accentuated by order

of magnitude as £, appreaches Ey,  Fer Ga Asy_, Py * N, as x decreascs

!‘1
B 2 .
from x = L near K = 0 the mapnitude of IU{? (:(K}I *  inereases until at

%= 0.45 the probability density at ' exceeds the value at X,

] ft((])l ? determines the probahtligy density for radiative hoond
exciton recombination, Hence, an inerease in I(]() ;‘(Oji ? fndicates an

Increase In the radintive recombination.

The isoelectronic trap has its optimum eficet near the transition
reglon as compared to the region where » 2 1. Thus, the optimum range
P, ot NOLEDs fu 0.6 ¢ o« < 8%,

to fabricate Ga As

~ K




.3 RADTATIVE RUCOMBINATION PROCESSES
1.7, I Possihic Radiaiive Traongitions in LEDg

Efficient luminescance ig observed in LEDs #f the (raction of
radiative recombination exceeds the non radiative rvecombinations. There
are a namber of factors influencing both radlative and nonradiative
recombinations. The leading factor s the direct-iudirect natare of the
band pap, The former favors radiative rvecomblinatfons., The other fwportant
factor is the effect of fwpurdities. Shallow trap levels favor radlative
recombinat tons while deep lmpurity levels, vacancles, precipltates,
distocarions etc., enhance nonradiative processes. Yet, (nh some cases {say
fn indirect gap semiconductors), a relatively deep donov and acceptor
levels are preferved fo very shallow levels for efflcient radiatrive

recombinations) . This is beecause

1) with deep impurities momentum conservation is easier due to the

extenston of the weve function throughout the momentum space.
ii) recombination at nearest palrs does aoh requive tunneling,

.

Transitions in LEDs can take place fn one of the foellowing ways:

i) band to band (intrinsic).
.
ii; free to bound Of viceversa on donors, acceptors or lsotraps
Pii) pair recombination at shallow donors and acceplors, and
iw} bound exciton rvecombination at shallow fmpurities such as iso-

subatituents,




In dindivecr trausitlon, select ion role demands momentses conservatbon

by donized fwpnvity scatrering,

In nitrogen doped wmaterlals, decay of excitons to bound nltrogen
atoms dominate and in nitrogen free materinals exciton recombinat ton
previals., The free to Lound transibions are on the donors or acreptors
In the ahsence of 111'{'.1'0;_?,en39.

1.3.2 Recombhionation Yioetics in Oa Asyoy, Py oo

ey
past

According to Camphell ebal3’ | Ga » @ Zn-0, Ga Pel & Ca Azy_y Pyl
have nearly {he sume recombination models (as shown In Fig.4) since all of
them Incorporate iscoelectronic traps. The three states of A nilrogen

Isoelectronie fapurity ave

I} the dmpuriry (neutral) seate (He) (Fig.4b)

i) the hound efﬂ?tron (negatrive) state (MN7) (Fig.bdcp & oy)
111) the hound oxc{toq state (N, ®X%)y. (Fig.4d).

Mhere the vecombination parameters are givea fn table 1.
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Fig.4:  Schematilerepresentation of electron hole recombination processes
in Ga I\Rl_y P+ N [Adopted from Campbell et a3 fo CB~conduciion
band. '




Tabie | Recombination Yarnmetern
W nitrogen isoelecirvonic trap cnnvauirﬁiinn
HE () concentration of Nypapg occupied (unoceupied) by electrons
MY goncentration of Ntraps occupted by izolated electrons
N%“ concentration of Nypgpe occupled by excltons
’Cbr life time for band to band radlative recombinatlon at 1
Trn (T yn? life time at  §[V(X) for sonvadiative recombination external
to the N trap
e (7ee) electron capture {thevmal emission) time into (from) N trap

state
out 4y ) hole capture (thermal emlssion) time fnto (from) exeitonie
hole state
Ton tife time for nonradlative free tn bound transition
'Eexr({éxn) ti{fe time for radiative {nonradiative) hound exciton transition
G intection rate of CB elvetrons

nx(np ) voncantration of excess minority carriervs in X(i'} valtey.

In (Fig.4n), the nitropen Isolrap is not involved and band to band
recombination can take place radiatively (‘Cp ) or nonradiatively
( Tins Txy). In (Fig.4b), an electron is gaptnred by a neutral N{ center
anqd NE ig formed,

MY has a Coulowb fileld around it. There are three

possibilit{ies In this case,

i} the electron may vecombine nonvadiavively whth a hole (Zg,)

£y te may alao be excited back to the conduction band leaving bebind

SE -
ty (o) or
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ti1) be can attract a4 hole such thar the hole agnameg By, energy staoie
{Evi) and the tuo (e, the electron and the hole) form a bownd

exclion (ﬂtEﬁ} .

Again, the bound excitdn can decay nonradiatively (’ﬁéxn) or
vadiatively ("T'oxy) ov the hole may dissociate and be excited back to the

valence band (€',).

Referring to (Fig.4), the rate equations describing the recombiuation

kinetics arve given as;

!
(dn/de) =G &ﬁpﬁ$d1$p/‘c?n)+ %{f’tk” [ (o +nx)/¢?Ct)(l~N%/Nt) -

- (NE - NE¥y T e (J4a)

Y o .
NEFAO=(NE gy /e, - NEXROH/C oy b Uy 1 1/ gy ) (L4b)

(dNE/dt):[(np?nx)/ftbt](l«N@/Nt}W(NE“NEx)(l/@?ts_é/?jpn) -
S MO o i T ) (The)
NE = Nf + ngx (L4d)
L - NE/ME gives the fraction of Ng tevels untrapped cithoer by isolated
electrons or by cxcitons, (N - NE*Y e = NE/rE{F gives the fraction of
electrons excited to the condaction band., [ = NEX/NY  is the [raction of

trapped electrons In exciton states which is equal fo hole occupancy

probability on an electron ovecupied N Crap.




Yaing the assumptions thar

i) at low exeftatfon IavelszXﬁi%on{c boles are s Thermal equltiby jum
vith holes in the valence band & f is equal to the equilibrium hole

occupancy prohahiiicy.

11) at low electron Injection, TN B/, bfl} since M traps are still

far from being saturated.

111) for low effleciency LEDs such as Ga Asjoy Py Tpo> oy & 'ﬁ&))‘ﬁ;n:

by at least an order of magnitude,  Phy o~ p oo T

and 1/ T 4 1 @4y w2 M b holds for afl crystal compositions,

From steady state conditions and using the piven assumptions;
[ =fr1 l./ﬁ'.'.h‘i‘(nﬂf‘f‘.nTé)x/ . 1;) - ':Hrf}'“x) / ,_ﬁ or - (NKQQNL'QX)/?Y['C
= (Hi.!nx)[(}f?j’n?@_/ ?:J(‘,[:):,j‘ (Nte"‘Ntex)/'[‘T o (lr’aJ

(Nte"Ntex)/Nte = ‘(”tex/”te)[(?vi:/zéx;f‘(@w/[Et")'é)‘\;"/ Capy) ]

f= []'}({)’;t:/'zje:sn;:) "‘(ﬁ‘vt/ ’C,"‘.,;)-‘rf?_ﬁ”/‘?.‘em.} -1 (13}’)

(b ) /e o= (NN @) ( i o1 [ Tan) = Ne®R( P e ayy)
(opdny ) /2ees NBf (=1 ) Tee T/ v Vi, 0] (15¢)

Internal quantum elficlency is defined as

(104 .

where ol represents n or Py 4 is the elecrronic charge and @ s a

fraction of the output current that ends up in radiative recombination.




. 2() -
Therefore gy i Lhe toral osumber ol covsdervs coding up Lo vadtative
recobinatfong.,

gddfde = R (Radiailve vecombinotion tate)

Using R in eqn.(l6a}; ylelds

s oq(dd/de) /T = Rq/T 4 T = ljpvice (16h)

In the presence of Isoelectronle traps this {oterpnal efficiency
conld be taken as the sum of (wo terms; efflciency due to intrinsic
transition (4‘“1) and efficiency due te tranaitions gssilsted by iscelec-

tronic traps {(,]).

H

/51 = A g = FC) (np I ) H6) (N 2 )

1]

CG6) (gl gy 4 B ) (16¢)

aling equations {15a) and (15h) in (16¢) yields,

‘.F

B = Al uetng) / (et M)~ (S ™) e o/ 1)

n
i

WA, Sopd U ey [y 00 {?!” y /7]

- (MR R g (T /2000 )L (17a)
’”H = W (optng ) (Vg bl gey) - (Nte“N['ex)/;?"t(:Jml (N @ ayy)

= ?[“*ﬁmrﬁ%xnﬂly%tm&n)+ U/Pﬂ}(%tfﬁe)ﬁsz%&}rt

{i17h)

The term F-!-(nx/n?}(?",r/?:‘”) = [(nx-’rnp)/'?,."n]('?far/n',) in {17a) 'a an
expression ebtalned for the quantum efficiency of a ternary alloy in the
abgence of N trap. The veciprocal of this value pglves the ratio of

radiative over nonradiative processes, ‘the remaioning ferw shows the effect
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of N trap in reducirn;é?“ This Iadbeates the nepattve offoct of N Eyap

o afficionay tn rho dlrees par ropion vhere

o /iff‘ piays the major role,

in A}N, there are two terms al the dinominacor;

vy . 7 - » . 5 . Y - r . f“\; .
(63xn+ thr)(@kn* C%t)/(ibxnfbxn) and (NLh+Nte“)(ﬁrtf?exn)/(mtey-ﬁtc fxn)‘

The efficiency /] 4 is basically dependent on the nouradiative Lifetimos

- o
/?:'exn and E:m .

1.3.3 Minority Carrvier Lifetime

Hinority carrier 1ifctime is dofined as the time 1t takes the excens
minority earrier density to decay to 1fe of ite initial value. The duration
of emission is determined by the time the carriers spend tn the Lraps.

An increase-in minovity carriey lifetime would tndicate an increase in
efficiency of EL diodes. High carrier covncentrarion which is charackerized
by free exciton, Auger and other nonvadiative recombinations reduces

minordty carvier Tifntimes 9,

The recombination rave in the depictior layer is controlled by the
separation of the quasi Fermi Jevele which in twin 1s determined by the
majarity carriqr?goncentraiion and the applied voltage, Recombination in
the diffusfon region on the othe; hind Ls poverned by the lifetime of

the injected minority carrfers; a parameter which is much more dafeecy -

sensitive®?,

The elfficiency of Ca (ASJP) EL diodes have been characterlzed iy
the nitrogen concentrations, minorlty carrier fiiorimes of both carviers

and majority carrier concentvations or deping Javely (Nnﬁﬂp) particularly




in the Indtvect reglfon, In indirect gap semiconductor, the mirority

carviiey Pifetfoe is velatively long and hence fone diffnsion tenoths are

required in efficient macoriatd?,

1.4 NONRADJATIVE RECOMBINATTONS

1.4.1 Defects and Deap I}ﬂPHrﬂH§ Le?eiﬁ

Defects in erystals intrvoduce additional enerpy staktes in rhe
energy gap and thus, additional extrinsic electrical and optical proper-
ties are manifested. The defects can be point defects such az the ope
caused by substitutional ov interscitial lmpuritles or line defects as
dislocatfons. Be ft intentional or unintentlonal, impurfties which oceupy
deep level states are one of the major aveay where nonradiztive recombi-

1 < 11
nations take place, Such defects can be caunscd hy®l

i) discontinuities In the latbice constant sl the tnterface hetweon

the subsirate and the eplraxial fayer (i.e, tattlice mismatch)

i) difference in thermal construction to compounds {say CaP & Gaae)
1 ¥
on cooling from growth temperature (i,o, difference in thermal

cxpansion doefficient),

Beep atates are nor ionfzed at room temperatures. Relatively small
toncentrations of such states can compete with shallow activatore such
as N lsotraps beeause of the much greater thermal re-emission rates of
the activators. Theyv, therefore, provide an alternative (shunt) path for

the minority carriers injected inro the £i. dlode. Soume i tmes, the cross-
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sections of the deep centers can be very swmall but they can be greatly
augmented by the effects of Jarge Yattice deformations such as disio-

cations which #¢t as an efficient energy losgs,

Honradiative surface recombination can alsp be the cause f{or
efficiency loss. Tt can occur when a continuum or guasl continuum statoes
Join the conduction band o the valence Land. Sueh  surface recombiuations

may be enhanced by pores, grain boundaries and dislocat{ons.

As deep trap density decreases, EL efficiancy increases since
space charge recombination current decreases and the oiectrou Jitfusion
length increases thereby allowlng Injected minovity carriers to penvirate
deeper fnto the luminescence material®?, EL diodes yadiant output nlso

decreases as junciion temperatures imcrenss. This impliss that as tempeya-

ture dncreases, most of the recombination processes would he nonradiative.

High doping («210'%/cu®) fatroduces precipltates and causes line
widenlng (since at high doplag or high excitation the conduction band
population Increases and the spectrum is shifted) and reduces efficiency.

It also produces tunneling break down at relacivaly low \mltages"‘3
.
1.4.2 Auger Recombinatione
Wien an electren transfers from the conduction band to some lower
energy state, it may radiate photons (radiative process) or. phanons or
Lt may transfer {ts energy to another free electron or hole {(nonradi-

ative process). The last process is referved to as an Auger procegs,
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An Anper process fe an ceample ol an bntrinate nosradiat jve
process. Suen o process fs opreseni as oa consequence ol bhe deusity of
free carrvieve in the repgion of the semiconductor where the radiacive
reconbinat{on vecurs, Auger process can  arise as n result of high dop-
ing. The effect of Auger recombination on internal efficiency in
moderately doped semiconductors with wide band gaps 1s not larvpe. 1t is

insipnificant in fudivect gapped semiconductors.

Auger recombination can take place for bound oxcitons at neutral
donors or it can also involve free carriers. In suvch an Auger rocombina-~
tion, all of the exciton transition euergy appears ayg kinetic energy of
one of the particles., It way oceur even for excltons bound to isoclec-
tronie traps 1f a mechanism exists wheveby a third electronic parifecle can

interact with the bound exciton9?®,

1.5 DEGRADATION IN EL DIODES

Begradation is efficiency loss that 1s observed in EL diodes as a
function of operation time. LEDs, unlike other light sources have a merit
such that before complete fallure is obhserved intensity loss 1s manifested,
This efficiency loss enn be caused by surface contamination or by bulk

phenomena,

s

The main reason for an efficiency ltoss in L diodes is due to
current stress under forward bias ({.e. bulk rhenomena). The [orward

bias brings about two effects on the EL diodesi?,
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i) A on orvesnlt of ithe Lian, Tleid alded diffusion La obscerved along

the disiodarion fined.

il) An addicional mechanical effect associated with a large thermal
gradient near the active layer is also observed, Junetion heating

in LEDs brings about thermal expansion which ts suflicient to

generate lattice defects in a uniform material,

Generation ol defect centers in the course of opnration is a
gradual process. Progression of multiplicacion of lattice defects 1s
observed once a defect e formed due bo the effective shear stress
acting on the dislocation®, The effect of such defects is more pro--
nouvnced if they are introduced within diffusion length of the p-n

Junction asince radiative recombination oeccurs within this iongth&?.

1t may happen that through time excess concentratfon ol dopants
may arise ip the recambination region or oui of tolerance variation of
concentration of Intewtionni . dopants may be observed. In addition,
gurface flows due to mechanical damage in handling or chewical contamina-
tion can also bring about degradation, The degradiation rate is high for

increasing enerpgy gap within a series of gsemiconductor alloys. It is also

accelerated by small particle size, higher f{tﬁng and higher operating

températuresﬁg.

Un}ike rvadiation damage, thermal anncaling can not remove degra-
dation caused by current effect7,49 Thus, degradatcion due to bhulk phe-
nomena is permanent whereas degradation caused by surface effects may be

Improved by chemical etching.




1 HATERTALS AND METHIODS OF MEARURFHENT

i this chapter, the samples are specificd and insf;z'um(‘.rﬁ__’.gz and
edperimental procedures are described, The main purpose of this work
vas to study all possible elecorical and optical properties of ElL diodes.
Doring the work a wide ﬁpectgum of parameters of EL diodes were determined,

An atgempt was made to correlate some of these parameters.

2.1 Sample Specification

There were two sets of FL diodes avaflable for the experimenfai Shtedy |
Iv the fivst set, there were: four proups each with seven samples. These Ei,
diodes were made by TESLA ELECTRONICS, Czechoslovalia and they were
identified as RED (LGL1I31), labeled, Ry, Rpy Rq, Ry, Rs, Rgs Ry; ORANGE
(Unidentified experimental samples without catalopue number), Jabeled
U1 04 03, 04, 05, O, Oy; YELLOW 1 (Lo 1431y, tabeind
Tie Yos Y4 Yo, Y5, Yg, Y7 ang GREEN T (L 1731), labeld,

Gy, Gy, Gq, Gy s Gy, Gg, Gy,

In the second set, there were two groups of ElL diodes consiasting
af three smapleg gach, These samples were made by RADIO SPARES (RS},

Eugland and were identified as:

s

YELLOYW 11 (LEDG~586--497), Labeinl *‘Jis 92, 33, and

GREEN 11 (LED4-586-481), labeled, By, Ry, 6.
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Flectvica! and opitical studies and baud pap measurements were
carited out For sach of Lhe 3 samples lndependently. As to the electvical
peoperiies; 1=V and ¥V charvacteristics studies vere wade at forward and
reverse blas, regpectively. Opilcal propertles were studied by emission

and luminosity measurements. Finally, therwmal baund gap measurements were

mide .
2.7 Electrical Measuremeni:s
i) I-V measurvements were taken at room temperatures within voltage

ranges Trom 0.0 to = 2.5 volts, Stahlized'62053 dual dc Hewlet;
Packard (HP) power supply wag used to bias the diodes. PM 2517F
Philips dtgital voltmeter (of 10MR internal resistance)iz
accuracy and ImV resolution) and MA 4 Leybold Heraeus (LH) anatog
mueledmeter {(of 10 ML internal resistancgjl.SZ accuracy and .01 nA
resolution) were used for veliage aund current measurements,
respectively. Experimental setup for the 1-V measurement is sbown
in Fig.5. An attempt to study [-V characteristics under reverse
bias has lalted since the reverse current was below the vesolution

power of the MA4E multimeter,

Temperature readings were taken during I-V measurementg of each
diode, Evaluation of the ideality‘factor n was made from the slope
of the linear ;egion of  ful vs V graph., Curve fitting was done by
the Jleast square regression method using TI-5Y programmable
calculator. Plots of I~V characteristics for representative samples

of each group arve gilven In Flg,.9 and mean values of {deality

factory in tahble 2,
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Fig.5: Schematic NDiagram for I-V curve measurement. ELD stands
for electroluminescent diode.

C-V characteristics studies were made for each diode uging E7-11
(USSR) LCR meter (of an accuracy better than LOZ) at a frequency
of 100z, The diodes weve reverse biased using P 62058 power
supply. Voltage readings were taken using PM 2517E multimeter at
inte;vnls of 0.1V ovef the voltage range from 0-4.8 volts. The
setup is shown in Fig.6. The capacitance, as wentioned in the
theory part s related to the voltage as € ~ v for an abrapt
Junction . Plots of 1/C? vs V were made {or each group. Curve
fittlngé ;;re agaln made using the leagt square method. Concentra-
tions of the smaller of the impurities (Np or Nj) and built in
potentials (Vsi) were determined from the slopeg and the inter-

cepls, respectively,
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Fig.b6: Schematic of C~V curve measurement.

Optical Measurement

To correlate photomultiplier current to the diode current, photo-

miltiplier current measurements were taken at different diode bias.
For this, the diode was kept in a confined box vhere no measurable
amount of light couid enter from the sucrroundings. A hole with

the dimension of the diode was made on oné slde of the bhox. The
light from the diode was directed to i@ﬁ%?w79 (USSR) photomultiplier
(which has a maximum sensitivity range between 400 -~ 440 nm) through
this hele. The photomu]ti;lier was bilased by & 2K 369 5KV Philip
Harris de¢ power supply. Care was taken to keep every diode at the

same orilentation and at the same distance from the photomultiplier

evety time, The experimental arrvangement {is shown in Fig.7.

Ll

;j - "H Io1% o2 42 i 4 5 d !

ﬁrg]qf ;}ﬁf& 3 rj* 1 3 ‘2" fo T s 5 %f 4
L o A il Q%}{ f é [’i

ol U H T R T
N [ TR ¢ Ak gy REU R L
r?éz“‘z‘w e S R
(b

Fig.7: {a) Schematic diagram for luminosity measurements. (b)
Components of the photomultiplier, Dashed lines indicate
dark box.
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Photomaftipliey current veadings were taben ap 1000V and 2000y
photomuleiplio: voltages, The diodes wora bilased by 62058 power
supply in the range between 1.2V - 2.5V, MA 41 multinmeter was used
in the microampere range to take the photomud tiplier current
readings., PM 2517 and MA 3F Leybold Herseus multimeter (of
10 51, internal resistance and 1.57% accuracy) were used to
measure dlode voltages and currents, vespectively. The natural
logarithm of photomultiplier current and diode current were taken
and plotted against diode voltage and comparisons of the depen--
dence of both curvents on voltage were wmade. This, in our
Taboratory vas the nearest substitute to study LIV (Luminosity

and currvent versus voltage) chavacteristics.

Study of the emfssion spectra of each group of EL diodes was
made using 60741 Hilger Constant Deviation spectrometer and

$E?Y <79 photomultiplier, The photomultiplier was biased by two
52237 Leybold Heraeus High Voltage d¢ pover supplies connected

in sevies to get an output of 2300V. It allowed to read maximum
sensitivity of the photomultiplier., The voltage of the photomul-
tiplier %a& measured by DCHI voltmeter (of S0KS fvolt internal
resistance and 17 accuracy)., PhﬂtogurrenF nmeasurement was made

by MA 3E multifeter. The stability of diode voltages and currents
were checked using PM 25178 and HA 3E mu]timeterg,respectively,

The experimental setup 18 shown in Fig.8,
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Fig.8: Spectral Characteristies Measurements, Dark lines

indicdte regions protected against light from the
surroundings,

Beforve taking readings, the calibration of the spectrometexr was
checked by a sodiom discharge lamp. Necessﬁry calibration was done for
the photomultiplier spectral response as is given in the correction
curve of Fip,13. Since the light emitted from each diode was small and
a slight external light could affeet the spectrum, much care was taken
to control the effect of the external sources., Correction was made foy

Hght due to digital metevs and indicstor Lamps, ¥Finally, readings of
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photomultiplicr curvent agoinst wavelength were taken by varying the é
!
wavelength and keeping the diode voltape constani, Ia this particular £
:
cane; ;

T

[l P

a) wavelengths and peak emission energies of the diodes were f
determined from the wavelengths corresponding to peak emissions,

b) emission spectra were studied for each groyp at different diode "
currents. Peak emissions were determined at 5, 10, 20 & 30 mA 2

]

o

diode currents to investigate the existence of peak shifts with ]

i

diode currents and, ﬁ

3

£

c) comparison of peak emission intensities were also made for the E
el

, i

different groups. it

5

N

3

2.4 Thernal Band Gap Heasurement o
In this experimental work,a final actempt was wade to determine i

~ |‘i

thermal band gap of each dlode. For this, due to Jack of thermostat, -
102 ¥isher oven was used, Tn addition, because of low sensitivity of the i

meters, 1t was not possible to carry out this particular experiment with

the diodes under reverse bias, Rather, mean voltages at which the fdeality

factors (n) in (1= exp(qV/nKT)) assumed constant valoes (1.e. 1,6V for

green and yellow, 1.7V Tor ovange and 1.4V for red El, dlodes) were chosen

to bilas the diodes at constant voltages. The voltages for each EL diode ?

were checked by 3478A Hewlett Packard multimeter {of 100nY resolution and

aput resistanca exceeding 10]“JL) to four sipnificant flgures. Seventeen

RN R v

EL dlodes weve fized to a circuit board and placed in a horizontal position:
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fun the oven (Fo mipdmbiee Che ~fCoet f tewperatoce pradieat) at o flme

amd the dicdes weie heated upto a tompevature of 707C. This temperatuie

was the maximem limit for the EL diodes uvsed In the experiment. Simalta-
neous carrent and temperature readings were taken for each dlode in the

process of cooling. MA IR wultimeter was used for current measurement.

Temperature readings were taken with a thervmometer which had a range
from - 5°C to 100°C and 0.2°C rvesolution. Readings were taken from

70°C down to room temperature alt intervals of about 5°C. From the read-

ings, Pnl vs (1/7) was plotted and energy gaps (E,) were determined

from the slopes,
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The I-V charactoristics
repgion in the
decades of voltage (1.5V - LoIV) for mogt of the diodes

ones. lIn red EL diodes however, the linear region extends

the

L

LEL EXPERTMINTAL REDELYS AMD DISCHSS 1O

the megguvomant procedurss deseribed in rhe previous

tesults obtajned are  presented in thia chapter,

F-¥ Charactervistics

study reveals that there exists a linear

Pl vas v curve (Fig.9) which extends over ahout two

except the red

over about

four decades (1.2 - 1.6V),

The wean values of fdeality factors

the slopes of the linear reglons by curve

-3

5

0

B [

for each proup evaluaced {rom

fitting are glven in table 7.
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Flg.9: 1~V characteristics
of the representative
samples [rom the first set .
{a) and the sevond ser (h)

of EL diodes under forward ‘é”
bias. The samples were -
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their ideality factors
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Table 2, Hemnn Values of Ideality Factors (n)

o MED Type _Mean 'n' Yatue _._Yoltage Range (V)
GREEN 1 (LQ 17314 1.53 + 0,16
B 1.5 « 1.7

YELLOW T (LQ 1431) 1.65 & 0.06
ORANCTE (unidentified) 1.29 + 0,02 1.6 - 1.8
RED (LQ 11313 1.74 + 0,172 1.2 - 1.6
GREEN TT (Ls 586-48)) 1.94 + 0.07 .

| 1.5 — 1.7
YELLOW 11 (1L, 586-497) 1.84 ¢ 0,06




Tho vialucs ol #he idoat yobactor vanpe balyeen L0 oand 2.0
tndicnt bng shat borh diffasion owd cecombings fon curvenls are pregent
within the given voltage vonge. fu Fig.9 all of ihe curves have almost
constant slopes below 1 volt (or < 107/ A) except in the red FL diodes
The idealiiy factor In this regilon highly exceeds 2 and the current is
nefther due to diffvsion nov dus to recombination. Within this rauge,
the current is also not influenced by teiperature., Ab such low voltages,
the current Is hasicsliy predominated by tunnaeting and this is in tine
aith the work of Shin3%. Above 1.8 volta (s> 1077 A) deviation from
linearity 13 observed for all ¥he curves aad thias o attributed to the
series registance effect. ¥valuation of the serles vesistance values by
edtrapolacion  for all the diodes has given values within the range of

5 ~ 25 3L . However, these results should not be considered since high
injection curvent might have also an effert in thisg reglon, The resvlt
shows an agreswent at least in the order of miagnitude with the «~+ 1050
resintance obtﬁined by othera?ls 43, High serfes rasiarance iﬁdicqteﬂ
low Injection effecieoncy, [t aluo affects the light emission efficianéy

in the region where the sevies resistance has subhstantial {influence.

Eumparisap of ideality Eactor.vaiues within the fivat four groups
shows dominattion of aiffusion curvents in orange El diodes with n o2 1.3
as compared to red ELkdioﬁeﬁ with W ﬁfi.?Jiﬂ which recombination
currents bave preater influence. Comparisoun of the two sets fndicate eayly

and strong serles resistance effectn in the aeccond set {i.e. BS EL diodes).




3,2 -V Uharacteriagcion

Fhe itnear pilove or (1/C7) againar the teverae bins are ahowq, for
six vepregentative sauples of each grovp (Fig.10), As observed froﬁ the
vatue of the correiation coofficient, the lines Fit Into the data pointn
very well. The linearity in all the EL diodes Indlente that the junctlons
are abrupt. Extrapolation of tha curve to 1/C2 = @ {f.e. the intercept)

glves Vpy ~ 2KT/q. Hence, the value of the buitt- in potential (Vi) at a

glven temperature is obktained for sach EL diode from the lntercept.

Concentration of the smaller of donors {MNp) or acceptara (NA) could
he obtained from the slopes as follows,
DA/CPYBY = 2/ (q 8, Up)

Ng = 2/q#; (2(1/C*) /S v) (10b)

W By B whera & - 8,85418x107 My /en

The roatio of the pevmitvivity of the semlcanductor te that of the

o

u/ By) could be obtsined from the value for G#As (§Z/ o= 13,10

.\

vacuum §

and Ga P (5%/ Eo= 11.1)92, 1o evaluaie €/ % for the Bl diodes used

in the experiment twmo basic agsumptions were made,

i) that all the £L diodes are made from Ga Asy.y Py ternary alloysy
i1} %l B value changes depending upon the variation in the

composition of AH%P.

Stavting with the diffeyence of Fud f%}( ACEL L)) of the two

binary coapounds,

ACHES E) = 1310~ 1.1 = 7.
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Faking Ga Aag ¢ Pg.a (eed) for fastance, one can assune thai this

f
i

Y ¢ s P 5 L 49F g e T PR S o
L, diode copaisis of 60U Ga As and ALY Go T o Than, din 747 7, valne s

pivan by B/ B (rady o 1301 o (2vA0/100) =110 b (2x00/100) - 12,3

By the same analopy, evaluation for Ga Asg 15 Pgogs aud Ga dsy pg gops

yields 11.8 and 11.4, respectively.
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the capacitance valsey measnrad o the experlment represent the
capacitanee of thoe endive juneed

Pion P ewatuats b, vhe value od

capny Howewar, Lo ohie expovinent, ehe

aren of the lunction conld oot be detevmined

prociselv. Rathey, inorder

, s . _ e 2 .
to get a rouph zscimate of Hy, Junetion aves of 10 3 om was taken as

Rk

a fair estimation’?., The slopes are evaluaied by taking the Jjunction

[ - ) ¥ : L8
area into aceount and by makiog wse of the already obhkained g values.
then, values of Wy are computed. The vesults obtalned ave suwmarized in

rable 3,

Table 3. Boilt-in potentinls and the less dense donor {or acceptor)

concentration (Np)

LED Colox Yy

CREEN 1

YRELLOW T 2.0420. 18 1.4 s,20551.57

ORANGE 1.63:0,.07 1.8 bLogaer, Of

REDL .89, 18 12.3 0.37:0.14

GREEM 11 2062012 1.1 5,631,098

Ny ew®

5. 0%1010
2.921016
Polxdnl?
E.3x10b7

7. 7%10)6

YELLOW 11 5, 821016

Percent Brrorx e~ 57

Az seen Ifrowm the btable, Ny e 1ob 7 few® < 108 7enm™ tndicat!== rhat

at least oone side of the BEL diode i nondegenerate, Buili.in potentials

ranging beitveen 1 and 1 volts are observed in ¢his work., Similar resulis

- 3 Lo
were obtained In othar p-n j:_mr-.'tionsbj and 5C§1:)£‘t¢i<s; barrier <4 Aa0h,
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Lie Fle 00 eifeh: deviations of the dara pointe from the Jinear
curve are obseyved near Voo 0, This  shows that the ¥, diodes have
variable Nj - Ny concentrations near the Junction, It is attributed
to the presence of deep atates which concribute to the capacitance when
mobile carriers are present in the depletion region?3, The deviation is
more pronounced in Green 11 and Yellow 1 AL diodes which are charvacterized

by decreased Np valueg in this particular experiment,

3.3 The Relationship of Photocurrent to Dode Voltage

buminosivy o Iradiacive .o Tphotomiltipifer

The behavior of a photomultiplier current divectly veflects the

ature of the Tunidinosity of the EL diodes. In FL dipdes, wichin a

voltapge range under which dlode current has an exponential dependence

on voltage, the natural logarichm of ghotocurrent pleotted against

voltage would show linear behavior. However, the n' value in Khis

case lg different from the ideality factor n. The relationship

between Iphoto and diode voltage is given in Fig.1) and n’ values

corresponding to the linear vegton of the curves arg given in table 4,
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I Fig 0t, atrict Hinaarvity betwoon Qn ‘phuhu va ¥V {5 to |
Cexpretod becavse i the volrage ranpe onder which u te constant, rhe
curvent which is respounible for vadiative vecombination shows an

exponent fal dependence on voltage, In this voltage ranpe, the data
points of VYn lphoto v8 ¥V (left scale of Flg.il) aud n Litode V&
{right scale) fit well to the lincar curve, It 1ig only in this same

reglon that the luminosity shows an exponential depondonce on vole:

Table 4, n' factor in 1, exp(qV/n'KD)

LER calor ) - oot - Voltage Range A
GREEN 1 1,83 & .08 7 1.5 -~ 1.7
YELLOW § .18 & 0.01 ]
ORARCGE 1.06 1 0.0} L6 - 1.8
RED 1.09 & 6.3 t.2 - 1.6
GREEN 11 , .29 = 0,12 )

. } Loy - 1.7
YELLOW % A3 x 0.02 -

Hean Percent Brror < 5%

Ag observed from the tabie, generally n' < 5 far all the BI
diodes., High o' value 1s correlated to low photomultipiier current.
The actual velationship berween the two currents cauld be scen by

plotting the natural Jogarichm of photomultiplicr curreni agatnst

the natural Joparithn of diode carrent (FPig. 12), !
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3.4 Bleciroluninescence Faission Spectya

The study of emfssion gpecira of all the diodes was carried out by
# photomultiplier uhilch hag moexdwam sceusttivity vappe {from 400-4480mn, Ta
make spectral emission study over the encire visible range, Li wasg
hecessary to determine the spectral dependence of the seasltivity, In
order to make the correction, operation temperature of ° . tungsten
filament is kept constant by fixlop the current. Fixing the curreat
fixes the value of the resistance of the fijament. The relationship
between the resistance of the tungaten {1lament and temperature along with
the covrection for the emiasfonu Intensity from black body to tungscen is
obtatned from Hand Book of Phvsics and Chemistryﬁg. Uading this temperature
value, emission intensity of hilack body is computed using Planck’s

radiation law (eqn. 1) at different vavelengths

. e ,
g:r: ( ':‘) = '%‘?E“[_::H* R L (I 8)
. A ohe/ AR,

For instance, at a temperature of 16108 black body emfasion intensity is
multiplied by 0,440 for Ay = 030nm and by 0,475 for Ao = 46Tam. Assuming

unjform decrease in the multiplicative factor as the wavelength inerense

8y

we get ooy
9:.{‘ Z:’}_?h _,D__',:i.#_.{l_& el 9:,9_2(:} - LR IA
K67 CTEED = ST E i. _ui': x 10

as a change in the mulediplicatlve factor for Lnm chantpe Jn wavelength,

Thus, for A = 468nm, the multiplicative factor which ls ured to change

(N of black body to E( 3 of tungoten 1s 0,475 -« 1.585 % 10~0 . U.ﬁ?&ﬂ&lﬁ.
Emisgion intensity of tupjutaen is obtained from the emicsion intensity of
black body following tha foreroiug procedure, Finatty, corrvection factor

te obtatuad for the photomuitiplier as

S
, , . TR tungsie ‘hporedie:
Corvection Factor (€7 (,\) } = () r"l"r']" L((s“j (1}_5&_(__?_ o li}’l')'
photo' Foangsien

(1)




Based on this evaluation, the foliowing covveceion |
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gives ample informparions ahour the b diodes. The pesk helght

of the gpectral cuvve gives the relavive enission [ntensity in arblirary
unity, Comparision of these relative emission intenslilies shows tﬁat red
EL diodes are the most Intenge. fes dntensity Is alnost double that of

green I which is the 2% most intensa. As compaved to yellow I, the

intensity of these EL diodes ia about ten ifimes hipgher.

The bandwidth of the spectval curve pglves some clue about the

nature of impurities. Hall bandwidihgsare evaluated to quantify the
L]

comparisons., Broad spectrum characterizes lmpurivy levels which are
responsible for transitions corrvesponding to diiferent enerpy levels.
For fmpurity levels extending to bands, transitions corregponding to
different photon energies are posaible and thiz broadens the specbrim,
If there is only one lmpurity level, sharp peak lg observed. Iﬂ‘liﬂﬁ
with this argument, red EiL diodes show velatively navrower band widths
as comparod to the resr. This Implies that there are more definite
mnoevgy states at which recombinations talke place iy these EL dicdes,
Close ohservarion of EL diodes of ¢he FALLUNTS shows small secondary
peaks to the right {(for green) and to the left {(for yellow) {vom the
primary peaks. The" presence of thege secondary peaks reveale the
presence of different recombination levelsgpart from the primary oneg
and they are associated with different impurity Jevels which correspond
to different cuerpies. These additienal secondary peaks corvespond to
enerpies of orange and yellow bandsg in vellow and green ElL diodes,

respectively.
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o the moin and necondary peaka ave closse

ather

rach

to

in o diffieuit o resalvs (Lo two ab higher temperature,. lBefter
cesoiution of che two could be possible at lower temperatures (i.e at

q Lemperatura
temparabuyres,

of fwpuritics

of Viguid nitrogen, 77K, or liguid helium, 4KY . A Tow
thermal (laitice) cffecks are suppressed and only effects

are evident. Low btemperature ls charactevized by freaze

oul of carrierg.

When the peaks naarly overlap and cannot

be reaolvad)the

speckral shape could be unsymmetric as in Gg (Fig. 14a) or the two may

be

Inceasity,

TWLEDLOT
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Fisiesion intoustity

separated as in (Fig,15).
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of orange EL difodes at 10 and 208A diode

currents and 2800V photosnltiplier volvage. Two peak emissions
are observed, the main peak at 992mwm and secondary peak at

587um Vet 9 corresponds to the yellnow band caevrgy.




fw the latitoer case, LU io possible to sepolve the two and tell the
gneipy covienponding o rhe secoudary ombasfon. Thin in other words would

also give a hint ko speclfy the cenergy of the Impurity level corvespondiug

to this accoudary peak emission.

There is an overlap of the two peaks ag the diode current lncreases
to 30mA. This may be due to the heating effect of the current. As the
diode in heated, more and woere Impurities are jonized and in addition band
gap decreases and this may cause the inltfallly sepayate energy levels to
overlap. ITransitions to such overlapped states resuliy in a gpectrum wvhich

le wot finaly resolved.

The other fmportant point observed In the study of Pl emigsilon
spectra i the appeavance of small peaks vhich are totally separated from
the main (primery) peaks. Theae small peaks have extremely very small
emtssfon intensities but thelr energles could be sppcified beyond doubt.
Ag shown in (Fig.ig), in green I and red BL diodes ﬁhere are negligibly
aial! praks corvesponding to energies of Z.1leV {or X= 587nm) and 1‘7OEV‘
{or ) 730nm), respectively, In 8 doped GaP, recombination takes place

hoth at N impurities avd at Wi (or ¥ pai¢) impurities. The former s respon-

.

sible for preen emiﬁgiéh while the latter iz responntble for yellow emiasion.

The lutensity of the yéllow emission depends on the density of the avaiiahle

WN states and the prubabiiity of possible vecombinations at these HN gtates.
These depend at room temperature on the densiey of N in GaP. If N is largeinnmwﬂ*3
trans{tions at NN pairs may dominaste in thig cnmpouqd semiconductor?®, The

reduced intensity of yeliow emisslon In green Gab therefore, Indicates loy

concentracion of M in GaP.
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Y of L.70eV correaponds fo fhae infrared vopilon, Tt ig

move iikely rhat this opnld peak wighe porsibly be sciivated by relatively
deep unintentionat Impurity teveln, Similar recombinations are observed in
red Gal EL at Zn - @ iguelectronic trap937. Thege deep impurities may -
probably be ORYEeR or copper and they are responsible fn% the low eﬁergy
einkssion whieh ig analogus to the red donor acceptor pair recombination

hands commonly observed {in GaP3O.
¥

Study of the effect of diode curreat on the EI paak emissibn
position at diffevent forvard eurrents of 5, 10, 20 and 30 mA showed no
shift 1n peak position ip general though in some cases (R3, 04, £y of Fig.17)
there vere stight shifis,  Sueh very smnll peak ghifes 48 current incresges
may be attvibuted to Lhe heating effact of rhe dicdes. At higher currents
(from 10 MA o 1A) peak shife of about 2,5 am wasg observed according to
Craford et a1lb, indfrect band gapped semiconductors banidoes showing low
Yuantum yield, high sevies resistance and muitiple emission bands30, 4g

alse reveal alighe peak shifis to higher eneegles duye ta higher heating,

As shown in Fig. {(17b), light outputs of peaks are nearly Iinear
with carrenis. Slopes of Ahese curyes give the relacive efflciencies of the

L diodes.
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The loregoing discassions shout Lho emission specive of differ

Cdfodes can he

sy ized fn table 4.

Table 5, Average peak and binding enerping of Iwmpurities

{iaotraps) for sample EL diodes,

GREEM I 5360 S60:3  2.22:0,01  2.18% 2,261 7 3¢ 41

Sl

YELLOW I 567  S§7:3  2.11:0.0L 1.97% 2.180 37 4+ 70
ORANGH “ 59023 2,3010.01 - 2086 W7 = -4
RED 660 662E8  L.87£0.02 1,91 1.925 18 28 55
CREEN If  ~  562:7 2.2180.01 z.18% 2,261 23 10 51

3

YELLOW 11 ~ 59323 Z2.69:0.01 1.97F 2.180 4t 4ot 90

A I S T R T T I N T T

*  Caleulaced op the assumption thatthe EL diodes are made from

Ga Asy.y Py ternary alloysa.

i
rs

% Taken fvom Bergh aund Dean, 1976, page 33, table 1.3, for

comparison puUrposos.
1 The ¥ doped Ga P resulis are consldered.
AR is the diffevence beitween the energy gap (E?) and the peak
2

emisgion enerpy {(B.).
B P




- B3 e

The binding encigy ol Zn fn Ga (As, 1) Bl diodes is wichin
ﬁéBUFM v 65 meV?0, 36 gl that of Ta ig about 90 me?gé‘ Hence, in
yellow EL diodes where (Ep + Ep) = 90 meV, recombination might be ~
through Te donors. In others, it might be througly zinc acceptors or
by pair emission (donor to acceptor). Trauéitiuna can also take place
from isoelectronic traps to acceptors or from dunérﬂ to hole traps. In
the Jatter three cases AE is the sum of two binding eniergles and it

i

is difficult to tell the nature and the type of the fmpuricy,

3.5 Thermal Band Gap Detevmination

Practically all of the EL diodes have negligibly small reverse
currents becauss of their large energy paps. To determine band gap
under forward curvent the following approach was adopted from $rzel8

Ty = (T7 exp(~Ez/¥ 1)1 K

L34
£ /2 exp(~Eg/KT)

{20?
I =1, lexp(qV¥/nk1)~1] v A,éxp{«(Eg - qV/n)/ﬁT}‘ where A 18 a constant.
Fa 1= - (U/1) (Eg + (qU/n)}/R (21a)
Plotting Pn I "vérsus U/T yields: o as |
Eé = q¥/n - K{ﬁnii\l/T)}; = qV!@ -~ K (slope) (21p)

the plot of Pu T.vs (1/T) is shown 1in Fig, 18 with averape

Eg values in table 6.
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Fig.18: Satural logaritim of

diode cyrvrent

plotted apainsr the

reciprocal of temperature

for rvepresentative sample

Ef, diodes. The straigl

it lines indlcate hey

experimental g

ata points,

t fits to the

Table 4, Experimentaiiy

LED color Eg(ev) exptal.

deteymined thermal onerg

¥ gap values

Eg(eV) theoretical

GREEN [ 2020 £ (.17 2,261
YELLOW T 2.07 £ 0,04 2. 180
ORANGE 2,52 ¢ 0.0 , 2.086
RED 1.76 + ¢.12 1.9725
GREEN 11 1.82 £ 0,06 2.261
YELLOW 11 1.86 £ 0.06 2.180




wraments vaves! gquite substanvial deviation {vom ihe valuas
of G Aty.. P BL diodes corresponding to their colora, This may he
PSS en Pa :

“partiaily attributed to experimental error since in this experiment’

1} it was not posasible to contrel the temperdature precisely and

there might be a temperature gradient,

i1} the use of & forward bias brings about aw additional error

which is assocciated to the ideality factor of each diode.

The deviagion of otange Bl diodes ig much higher than «ll the rest,
This is not ac all atiributed to expevimental error. [t rather indicater

. z H
that the diodes might have pessibly been made from some ofar compounds

v ternary alleys,
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TV CONOLUS oM

Toe alo of Diths work was oo gtudy injection KL in pen juiictions,
A et 0f 34 samples divided tibe two differvent sroups depending on their

origin were shidied optically and electrically., Among the most Important
of the parsmervic studies ¥, €Y and culssion ingensity were chosen

and  the followinp conclusions have been drown.

1. From va data, the idealicy frctor obtaived ranges from 1 to 2,
Indicnting gome deviation from the jdeal §chnttky diode equations in
which the ddasiity factor assumes the value of 1 upder forward bias.
This Juplies that the disdes are of wide band pap seimiconduccors, The
reverge ourvent which is less than 10-124 {(between ¢ - 3 volte) also

€ "
ives an addicionasl confirmation of the wide band goap nature.
? £

2. Results from band gap and peak swmisaion ENergy moeasurements and
comparison with the experimental works carvied out on similar Bl diodes

show that rhe énmpie LEDs ave of Ca (A=, Py. The coiutitfon of orange B

s

diode llowvever, neads further laveastigation,

¢

3. C~¥ vesults indicate abrupt Junctions for all the diodes with

built-in potentials batween 1.6 - 2.9V, Thia again supports the wide

band gap nature {i.c. ?bif“ B ). In additdion, the pgubsgtrate dopant
- ry .

councentration {N“) ts about 1016 & 1017!c%3

-

undei the assumption
that the junction area of the dilode s about 107 %em? | Thus, all the

EL diodes are nondepenarate at jeast on ont side,

. Fmicsion intensity which ig praportional te the photomuleiplier
carrent has an exponentisi dependence on diode volvage, This exponantial
dependence atvictly  holds within the voltage vange over whiech the

tdeality faceor remaing constant,




“ H7 -

Gomparison of cmissfon Inrtensliics of the difforent eoiors and

35 BYL diodes ehow  thar fhe Red{it} ones are the most intense
fullowed by Green [{({)Y. The couses are direct vadiative transitionsin

the former and band enhancemsnt by N iscclectvronic traps in the latter,

6. Secondary peak emissions observed in Orange(0), Red{R) and Green 1
(G) EL diocdes are due to glightly separated impurity levels, unintentigl

deep trap levels and recombinationsat NH palr Ergps, vespectively,

7. Only slight peak shift was observed as & vesult of the diode
curvent. This can be attributed te junciion curvent heating effect, bug
further measuremeni with more sengitlve lnntruments will be required to

find the appropriate relation betwecn the fwo,

8. Measuvement of the binding energy (AE) of the dopante In each Pl
diode has shown a resule in rhe raitge %fmAUmeﬁ (for Green L)} fo 90meV

(for yellow 11). This result is in good sgreement with the data published
eayvlier for Ga-é:H. Ne aimilar comparison could ﬂe mide Lor Orange & Hopd

due to lack of daga,
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