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ABSTRACT

" Experimental study of optical and electrical properties of six
different groups of electroluminescent diodes (LEDs) was carried ovt at
and near room temperatures. The first category of the diodes consisted
of four groups of red (LQ 1131), orange (experimental samples without
catalogue numher) yellow I (LQ 1431) and green I (LQ 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 1I (LED; 586-481) and green 11 (LED, 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. I noeo -V, emission spectra and
band gap were carried out for all these diodes. The I-V characteristics
revealed that the ideality factor 'n’ iIn 1aeedV/0KT  ranges from 1.3 (for
orange) to 1.7 (for red) in the first four groups. For yellow Il & green 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 diodes have abrupt junctions with
built in potentials of.2.89, 1.63, 2.04, 2.14, 1.92 & 2.06 eV for red,
orange, yellow I, yellow Il, green I & green 11, respectively. The
Iphoto vs V study showed that luminosity ["‘Ifhoto} has an exponential vol-
tage dependence (of the form eqV/dKT) {n the voltage range over which the

ideality factor (n) nearly remained constant.



Emission Intensity peaks were observed for all the LEDs at wave-
lengths (energies) of 560 nm (2.215eV); 587 nm (2.114eV); 590 nm
(2.103eV); 662 nm (1.874eV); 562 nm (2.208eV) and 593 nm (2.092eV)
for green I, yellow 1, orange, red, green LI and yellow 1I, respectively.
Spectral emission study and band gap measurements showed that the LEDs
are of Ga (As.P) with the exception of the orange LEDs, which in some

cases showed deviations from the values of orange Ca (As.P) LEDs.

Radiative recombinations occureﬁ 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 the values were as high as §0 meV. An attempt was
made to evaluate efficlency of the light emission for the EL diodes.
l.ight emission intensity comparison revealed red LEDs as the most inteanse
followed by green 1, the recombination of which might have possibly been
assisted by nitrogen lsoelectronic traps. The small intensity value in
all the rest of the diodes might be attributed to the absence of the

isoelectronic traps.

No position shift of the peak emission energy was observed with

diode currents for all the EL diodes.
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INTRODUCTION

Luminescence, is a phenomenon In which light is observed when
electrons excited to higher energy states Qmit photons with energy in the
vissible range as they resume lower energy states. In semiconductors, the
electrons recombine with holes at the lower energy states. Luminescence
is a nonequilibrium condition since the excitation process disturbs the
CQUHIEfidﬂf-' So, thermal emissitn (where internal equilibrium is main-

tained) is not classified under luminescence.

Light can be generated in almost any material under the influence
of sufficiently high energy. The energy can be supplied in the form of
light, by particles moving with high velocities, by electric flelds
(currents) etc. The type of luminescence is usually characterized by the
excitation mechanisms which involve photons as in photoluminescence, fast
moving electrons as in cathodoluminescence and electric fields or currents

as In electroluminescence (EL).

EL 1s a mechanism by which electrical energy is converted to light
energy wherein the emission of light 1s at a rate far in excess of rhe
thermal equilibrium rate. In EL, the excitatifon can be carried out intrin-~
sically by execiting th? electrons with high electric fields (referred to
as field effect) or by applying currents such as in injection, breakdown
or &unneling EL. EL which’is 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 understood means of generation

of excess electrons and holes at the proper energy levals.!
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Emisaion of light by injection of minority carriers fn p-n junctions
under forward bias is the mechanism cf operation of Light Emitting Diodes
(LEDs) . Thie term LED is generally used for technical applications. This

thesis however, exclusively deals with FL in p-n junctions.

Eversince the first luminescence in junctions was observed in SiC
crystals (i.e. crystals which have built in p=n junctions) In 19237, many
attempts have been made to study the emission of light {n junctions.
Particularly lately, possible ways of both radiative and nonradiative
transitions were studied for different materials as a result of which many
recombination kinetics equations have been developads This has brought

about a new level of knowledge in semiconductor junctions.

LEDs are used as display elements, indicators and optocouplers
(which have wide use in opto electronics) on account of their smail size,
relatively small heat din:p_n-t!on, fast rise time, endurance under mecha-
nical strain, and better suitability because of their potential for their
eye catching brightnéns. Besides, their use as a supplement to the existing
light sources (though the condition of large semiconductor lamps is still
on thg research stage) and their ahility 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 presently existing light sources®. The constancy of
efficiency as their size decreases puts LEDs on top for small size {l1lumi-
nation. Their broad spectral output is also one of the reasons which

escalates their demand as multicolor indicators.
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Unlike other Light sources, end of life in LEbs {s not associated
with catastrophic fallure but only indicates reduction in intensity: a
sign which could be taken as a warning. LEDs are endowed with long
service life which exceeds that of incandescent lamps by at least two to
three orders of magnituded. According to Chin et al ® mean time to failure

in LEDs is given as ~ 107 hrs at 60°C & 6x10% A/cm?.

Current studies and efforts made to improve LEDs put.large emphasis
in finding mechanisms to optimize its performance by Increasing its effici-
ency and to minimize degradation (i.e. loss {in intensity with long service
time). Exploitation of the available colors is also one of the important
points which is given due regard. This is a broad field to be tadled both

in theoretical and experimental physics.

Improvement of LEDs basically focuses on the improvement of
radiative recombination mechanisms. It can be done by selection of proper

material type and syitable technology.

In order to qualify as an efficient LED materfal, a semiconductor
must have as a first requirement, band gap of energy greater than 1.8eV®,
Assuming direct transition from the bottom of the conduction band to the

top of the valence band, the energy of the emitted photon is given as

-34 »
Eg = W = h c/a = 6.625x10 :':3:‘;10'B J-sec m/sec

For red light, A ~700 nm, and Eg ~ 1.8eV

As & second requirement, it should produce stable p-fjunction
without much problem in the production technology and it must provide

favorable radiative recombination transitions.
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Direct band gapped semiconductors provide more favorable conditions
as far as radiative recombination processes are concerned when compared
with indireet gap semiconductors. The probability of radiative transition
in indirect gapped semiconductors is very small because the momentum |

conservation law should he fulfilled in these materials 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 SiC.) than afor-
mentioned. In Si€ however, efficient luminescence is observed even at Lem-
peratures greatly exceeding room temperature but the performance of this
compound semiconductor is limited by severe technical and economical

problemsz-ﬁ.

Despite the fact that some of the group 11T-V compound semiconductors
are indirect (and hence {nefficient from this view point), they form one of
the potential sources of EL materfals. The direct band gapped compounds of
this group have relatively narrow bandgaps among which the well known 1is
GaAs (Eg = 1.425 eV at 300K)7 which emits in the infrared region. The
remaining direct gapped semiconductors of this group have either crystal
growth or electrical conductivity problems. Compounds of this group are
more of ionic type when compared with group IV semiconductors. As one
moves from the central IV column of the per10d1§ table towards the relati-
vely more ionic bonded compounds, the lnre,
group lI-VI semiconductors have larger band gaps than even group 111-V

compound semiconductors. The relatively larger energy gapped compounds to
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the contrary are characterized by poor mobilities and perhaps inability to
promote conductivity of both types of carrlers (i.e. electrons & holes).

In othersords, due to this latter problem, junction formation is difficuit
or impossible 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 compouna 11I-V gsemiconductors that have an advan-
tage of larger energy gap are indirect, but the inefficiency due to the
indirect gap can be improved by introduction of proper types of impurities

such as isoelectronic traps.

The core in the study of the performance of LEDs lies in finding
the causes of radiative and nonradiacive rzcombinations and ways of enhanc~
ing the radiative ones. The quantitative dominance of radiative recombi-
nations over nonradiative recombinations indicates lighg emission. Since
indirect band gaps favor nonradiative recombinations, fmpurites play
prominant role in the indirect region and greatly influence the efficiency.
The study of the electrical and optical characteristics of LEDs is thus
linked with the role of different types of impurities in semiconductors.

Studies of such parameters indlcate the status of LEDs,

In this work, I-V, C-V & L1V characteristics were studied. Besides
emission spectra and thermal band gap measurementy were taken for 34 samples
of commercial LEDs at and near room temperatures. In the results, some of
the quantitative parameters obtained in the study were given in the from

of tables. Attempts were also made to correlate some of these'parameters
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with radfative recombinat!on processes, The discussions include some

qualitative remarks relevant to the performance of the different colored

LEDs and to the effect of impurities. The work i{s more of a comparative

type and hence, similarities and differences between tha two catagories

of LEDs are given in each section.



3 A
I THEORY

1.1 INJECTION MECHANISMS

Luminescence in LEDs comprises of three major Htagesg. The firse
is the excitation process (i.e. injection of minority carriers). In the
2"d part charge transport and capture take place and finally the charges

recombine radlatively or nonradiatively.

In binary compound LEDs of group I1I-V, elements of group VI substi-
tuting Group V elements in the compound act as shallow donors and group 11
elements substituting group LIl elements act as shallow acceptors. For
instance, in group I1I-V compounds, elements such as (S, Se, Te & Sn) act
as shallow donors and (Cd, Zn, Mg, Be) act as shallow acceptors. Ge & S{
are amphoteric because they can act as donors or as acceptorsl0., The donors
and the acceptors are substitutional impurities since electrically active

impurities usually occupy substitutional sitesll,

At rtoom temperature shallow donors and acceptors possess localized
energy levels of the order of 26 meV from the conduction and valence bands,
respectivelyl?. Hence, owing to their low binding energy, they are
easily ionized ar room kemperature unlike deep impurity levels (i.e. states
whose energy is close to the intrinsic Fermi level). Shallow donors and

acceptors therefore, act as_activators of luminescence.
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Fig.1l ifllustrates how injection FL takes place in p-n Junctions.

n pErLFtion P
MEGION  LAFER AT GION

(a)

Fig.1(a): Schematic representation of energy states through p-n
junction at zero bias. (b): p-n junction under forward blas (Vp)

conditions. The Fermi level {s fg. n & ‘p are quasi Ferml
levels, F{f is an impurity state inducing radiation, [After Berah &
Dean, @]

As separate entities, pén semiconductors have different Ferml energy
levels which are dependent on the doping concentrations, In p-n junctions,
before equlllbrium conditions are reached , electrons and holes flow into
opposite sides until an internal electric field is established across the
Interfacial region; The flow continues until 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 space charge distributions
of the thermally ionized donors and acceptors. The region where the field
ls builtin 1is free of mobile charges. Only ionized donors and acceptros

are present. This region is referred to as the DEPLETION LAYER.

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

Fermi level lies within the forbidden gap below the bottom of the
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conduction band (Eg) or above the top of the valence pand (Ey). At higher
doping concentrations, Ep lles within the conduction or valence band depen-
ding upon the high doping concentration of donors or gcceptors. In most

LEDs, one side is always degenerateld because of the following two reasons.

i) The barrier height reduces by the value of &, where € is the

energy differenpe between Ec and the new Fermi level.

ii) In the heavily doped side hand filling rises the threshold energy
absorption by £ such that the emitted light traversep this smaller side

without much absorption.

At zero blas, there is no net current since the number of minority
tarriers which are being swept down the potential barrier is compensated
by the same number of few majority carriers which can overcome the potential

barrier.

At forward bias, the energy barrier decreases in proportion with the
magnitude of the appiied voltage. The number of the minority carriers which
are swept down the potential barrier remain constant but the number of
majority carriers overcoming the newly reduced pot@atial barrier increases.
These majority carriers.become minority as they croes the junction and

hence, the name minority carrier injection.

The Injected mtnorify carriers may recombine within the depletion
region or within a diffusion length distance from the depletion region,
Most of the recombinations within the depletion region are nonradiative
while recombinations outside the depletion region may be radiative or non-

radiative depending on the location of the impurity levelald, 15,
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Under forward bias, two quagi Fermi levels appear corresponding to
each carrier within the d;plecion region. These two levels describe the
concentration of injected minority carriers although these carriers ara2 not
in thermal equilibrium with the majority carriersl®. The separation of the
quasi Fermi levels implies that a shallow donof-icceptor may be fllled with
electrons or holes only near the n or p sides of the junction but both will
be ionized elsewhere within the junction. Deep levels which act as recom=
bination centers may lie within the quasi Fermi levels throughout the junc-
tion whereas the recombination at shallow levels can bg significant only ne..
the edges of the depletion region or within the minority carrier diffusion

length in the n and p region adjacent to the junctionl?,

1.1.1 Ciuirrent Voltage Relationship in p-n Junctions

In ideal diodes, no recombination is assumbed to occur within the
depletion region and the only current in such dicdes is diffusion current,
which is caused by the diffusion of majority carriers {nto the minority
side on account of the reduced barrier height. Using the continuity and
Pisson equations and assuming small injection, the ideal diod.

equation is given by 18
L= (Ipg + Ipo) [exp(qV/KT)- 1] (1)
where Ino + Ipo = 4 _ﬁiz [(DBFLQ)N“+(D'1L'p)N,I

Dp & Dy are diffusion coefficients and Lg & Lp are diffusion lengthe of
holes and electrons respectively. q‘ & Ng are concentrations of acceptors

and donora‘ni is the intrinsic carriere concentration,
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FEqn, (1) only holds In narrow band gapped semleonductors. In dioden

with 'larger energy gaps, several additional faclors contribute to the dif-

fusion current as a result of which modification of eqn. (1) Lle required.

i)

11t1)

{v)

v)

Underforward bias, eqn.(1) is affected by 19

recombination of carriers in the depletion region,

series resistance effect which results in voltage drop acorss the

bulk and contacts of the samiconductor and haa sipnificant effoct

at large forward bias,

hiigh injection current wherein at reldlvely large forward hlas the

minority carrier density becomes comparable to the majority carrier

density,
tunneling current effect at low forward hian nnd

surface effects caused by defects on the surface that link the

conduction band states to the valence band states and create a

shunt pacth,

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

show relatively eff!c!ent"perforwance), only recombination current competes

with diffusion current and the influence of the effect of all the others

can be neplected. According tB 9,.20 recombination rate R (in units of

em™3/aec) is given by

R

o @ Veh(pn ~ni?) Be (2a)
Tn [nfn« ewpl(Ft-Fll’kTi} + "{r+n[ expl (Fy "l|?/¥'|}
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where @5, h are the hole and electron capture rumq».-wrf.!on.q’ respectilvely,
Ven the carrier thermal velocity, Ny the trap dens{ty, F. the trap energy
level, Ey the intrinsic Fermi level and ng the Intyinsic carrier density.
At nonequilibrium conditions,
PA= ng? exp (qV/KT)

Hence, substituting for pn {n eqn. (2a) yields

iy o @ Ven Ne ng?lexp (qv /KT) hi__H_ (2b)
fn{n!-ni exp[(Et-Bi)fKT]T-r rl-,{pﬂ!i exp [(F.l-r.t)mn}

R =

Using the assumptiona that Ef = E¢ oand g3 - T -0,

Ver, N S v/ET) - 1
g = I Veh Ne ng® [exp(qu/rT) L (2¢)
n+p+ 2ng
But, since n = ngy exp lq("- ¢n)/l{1‘! and

P = ong exp fq(ép- Y ivry

Where W g the potential of the intrinsic level, R assumes maximum valye

in the depletion region when | (¢n+ *p)fz

rd

ng {exp[qWZKT]--F explqV/2KT] + 2 }

For v > kﬂq eqn.(2d) reduces to

R sa('5)0” VppNeng exp (qV/2KT) (2e)



The recombinat tun eurrent dennfty Is plven he

W
droc = 5°qux = (qu/2) l:r"VthNtnx exp(qV/2KT) {ia)
where W i= the depletion layer width.

Therefore, the total forward current density for Pno’?Mpo

and V > (2KT)/q {1s given as

Jp = q(DpfvP)"i (n]_’le') exp(qV/llT)-i-(qw/2)"'Vthﬂtn1exp(qW2KT) (3h)

This, for junction of constant area reduces to

I = 1, exp (qV/KT)+Y, exp(qV/2KT) (4)

The first term on the right gives the diffusion current and the
secand with a factor of half in the exponential term rapresents the
recomhination current. iz and I, give reverse saturatlion currents of
both components. If (vappl—IR}'ls taken for V in eqn.(14), the IR term

takes care of the series resistance effect.

Owing to the fact that the total current depends on twn currents
which have two different exponential dependence, under forward bhias,
eqn.(14) could be' given in a more compact and experimentally suitable
form as .

I = I, exp (qV/nKT) : (5n)

-

where 'n' the ideality factor, is equal to unity for complete
dominance of diffusion current over the recombination enrrent and is
®qual to two for the reverse case. I, in eqn.(5a) is a complicated

parameter which depends on temperature, intrinsic ecarrier density,




= g

capture cross scctions of electrons and holes at the rocombination
centers, the position of che trap level relative to the Intrinsic Fermi

level and the concentration of the trapping leveis!?,

The reciprocal of the slope of Inl against voltage yelds the

value of the ideality factor:

n=q/KT) [®dV/A (Inl)] (5h)

1.1.2 Junctlon Capacitance

Important fnformation about the nature of tha doping concentration
and profile at 2 p-n junction can be extracted from the measurements of
the junction capacltance particularly under reversne bias. !n this case,
the capacitance fs mainly affected by doping concentration of donors and
acceptors and the capacitance s referred to as depletion layer capaci-
tance. Under forward bias however, rearrangements of minority carrler
den=zity hrings about diffusion capacitance which contributes to the

depletion layer capacitance. =

To obtain depletion layer capacitance, starting from Polssons

equation and making an abrupt upproximntion21
(-27v/ad - 2E/3x - ri) /g,
= (e )l _p(x)-n(nm,,*(x)-ugizu (ha)
(-3 'vfaxz)- (q/gg ) (Np-n) for 0<x<x, (6b)

(-9 2‘3:'31(!)*-(113'2' ) (Npo-p) for -s,(_x(!'t. (6c)
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Integrating these equations twice yields,
CNEx) = &nix - (x?/2w)] where lell' g(Np-n)x, &s = i(Na-p)xg & (1)
B = (/) Eaw= 1/2) En (xptxp) (8)
W - {(2 25/q) [ (Np+8p) /NpNp] (V1 -2KT/q) }’5 (9a)
which for one sided abrupt junction gives
W o= [(2%s/q)Ng) (Vps - 2KT/q)]" (9b)

where Ng = Np or Ny .

Evaluation of the depletion layer capacitance usin, this given value

of depletion layer width results in
C = (dQc/dV) = d(qNgW)/d[(qNp/2 %8)4?)
= Zg/W = [(q ZeNg)/2]"(VpgeV - 2KT/q}~ (10a)
The '+' sign is for reverse bias and the '-~' sign is for jorvard blas.
From eqn.(10a) the slope of(lfcf) versus V curve is glven by
d€1/¢?)/dv = 2/(g “sNg). - (10b)

Ng could be obtained from the slope provided s (1.e. tue permitivity) is

known. The intercept of the curve (at 1/C? = 0) gives the built in potential.

1.2 GROUP III-V SEMICONDUCTCRS

Luminescence is observed in many of the binary conpound semiconuva-
re of group I1I-V which consist of both direct and indicect band gap and
in group 11-VI all of which are direct gapped semiconductors. Nevertheless,

only few of these binary compounds have gained commercial lntergst because
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of technological and economic factors. The need for wide band gap semicon-
aucta}a to obtain wide spectral range has necessitated the use of ternary
alloys (i.e. combination of two binary compounds) as practical LEDs since
in such alloys energy gap can be altered, at will, by varying the compo-

gsition.

From among the ternary alloys, GayAlj_yAs is important for its
direct energy gap which extends upto 1.9eV at 300K and because of the small
mismatch between Ga As & Al As compoundsl2-24, Inj.y Cay P has also a
direct transition EL peak which persists upto an energy of e 2,2eV
(xp = 0.74) 25, 26 Despite the advantages that these two alloys have,

Ca Asy_.P, LEDs are leading commercially due to the availabilicy of GaAe

substrate and for their ease of growth and junction formation?/,

1.2.1 Ga(As,P) Ternary Alloys

The advantage of Ga As|_.xPy ternary alloy over its binary compounds
(GaAd & GaP) s 1ts ;1mplicity of growth. Besides, as the compositions of
As & P vary {n the alloy, the band gap changes from the mipimum value in
GaAs (Eg = 1.424eV at x = 0) to a maximum value in @aP (Eg = 2.26l1eV
at x = 1)28, 7hyg shows, that Ga P is added to GaAs for the sole

Purpose of increasing tﬁé ;nergy gap. Ga As is direct energy gapped while

| GaP g indirect but there exists a critical composition value at which a

i

€TO8s over from direct to indirect takes place (Fig.2). The critical cross
over value ig Ke = 0.45 at 300K according to Salzg Dean’? and others3(:3]
but further investigations by a number of researchers32=33 have shown that

¥e¢ = 0.49 at 300K. Above this crirical value, transition from direct
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" (000) cto indirect X(100) takes place and most of the electrons reside
on the X valley minima. At the cross over point, Ep = Ey, and the corres-
ponding energy (for x.= 0.45) {s Eg = 1.997 eV (Fig.2a). The minimum

energy gap at any arbitrary composition (x) is given for (xc = 0.49) hyjt’
Ep(x) = 1.441 + 1,091x + 0.210x2 (1la)

Ex(x) = 1.907 + 0.144x + 0.211x? (11b)

In LEDs, the color 1s determined mainly by the energy gap and hence
the composition variation alters the color. For instance, in Ba(As,P)
LEDs, Ga Asq ¢FPp. 4 emits red (&= 649nm), Ga Asp 35P(.65 emits orange
(A= 632nm) Ga Asq, )15 Pg,g5 emits yellow (A= 589nm) and GaP emits green

(A= 570nm)37.
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Fig.2: (a) compositional dependence of the direct and indirect energy
bandgap for BaAs;.,P,. (b) Schematic eneray and momntgg diagram for
Ca Asj_, P, for different alloy compositions [After S224¥]
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As seen in Fig.2., when x ig increased, the [000] or ' conduction
band minima shift upward and there is a direct-indirect transition as

{100} or X minima become lowest in energy. This takes place for x > 0.45.

The series resistance and the forward bias voltage of the diodes
increase with the phosphorous content of the crystal. The Increasing
composition of As In the alloy besides reducing the indirect band gap
enhances the absorption coefficient at or very near the band gap due to free
excitons and free hole electron pairszz. The reason for the enhancement of
this absorption is due to the fact that momentum is conserved by scattering

at the As impurities.

Lightly doped diodes of Ga(As,P) behave in a manner similar to
CaAs in the direct band gap region and similar to GaP in the indirect

band gap region.

In the indirect reglon, no transition can take place without impurity
aAssistance, Here momentum 18 conserved through the absorption or emisslon

of phonons each with energy he and appropriate wavevector Kp such that:
— -
Kp =X, - %y (12)

In direct transition, no phonon is involved and photon momentum is
negligible, The impurities plgy the role of conseéving momentum by
scattering. Such transitions are less probable since unljike the direct tran-
’iﬁ"ﬁy in the indirect transitions the availability of phonons with

suitable momentd 1is essential.
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Low radiative recombination probability for intrinsic luminescence
is because of second order nature of interband transition in indirect
gap semiconductors. The need for impurity centers such as {soelectronic
traps which significantly increase the radiative recombination in indirect

band gapped semiconductors is therefore very high.

1.2.2 1Isoelectronic Centers

The efficiency loss in the indirect region of BnAsy_, Py alloys is
improved by an introduction of isoelectronic traps to the crystal. An
isoelectronic trap is an atom of the same valence as the host atom but with
larger electronegativity {f it is lighter (i.e. in the upper row of the
periodic table) than the host atom38. This is because of the relatively
exposed nuclear charge and it acts as an electron trap, Alternatively, if
the substituent atom is heavier, it acts as a hole trap. Once the electron
is bound, the isocenter 1is charged and a hole is readily trapped in the

resulting long range potential to form a bound exciton,

An exciton is a mobile combination of an electrpn and a hole at a
certain distance from each other. Exciton states are formed through
Coulomb interaction between free electrons and holes. |f the excitons
are bound to ionized ifipurities, they are referred to as bound excitons,
Such bound excitons can decay ({.e. the electrons and holesean recombine)

at the impurity states or 4t the isotraps.

An isoelectronic center is obtained by doping the ternary alloys
with atomic N or By, or molecules like Za-0 or ta-0 0. They are

referred to as atomic or molecular isoelectrons, respectively. The
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e!ement#l isoelectrons substitute one of the host atoms whereas fhe
molecular iscelectrons substitute either of the two host atoms. In the
case of 6a(As,P), doping with nitrogen results in repiacement of
nitrogen for phosphorous to produce an electron trap level, The binding
cnergy of N is about 10 meV but 1t has a large capture erose section22,39,
Hence, N {s a shallow isoelectronte trap in Ga As).y Py : N unlike
cha-op In Ga P that induces a relatively deep recombination level as

a4 result of which a low energy red EL 1s observed.

The mechantism by which an iscelectronic trap enhapncea radiative
recombination 1s described from the view point of the nature of the

electron wave function in the presence of nitrogen in GrAs) . Py

The modulus of the wave function of an electron bpund to a
nitrogen isocelectronie trap in Ga Asy.y Py : N fs enhanced near K=0
because of the presence of I conduction band minima. When an electron
ls bound to the immediate vicinity of the nitrogen impurity, it is acted
upon by a short range potential. As the trapped electron binds a hole and
an exciton is formed, the exciton is bound to the immediate vicinity of
the N impurity. The hole is acted upon by a long range Coulomb potential.
In this case, the wave function of the electron and the hole overlap. Due
to the overlap, no phonon is involved during the radiative transitions
(even if the transition is indirect) when the bound excitons decay3“.

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

dfrect one. They have adverse effects in the direct band gap region.



2 =

The mechanism by which the nitrogen i{soelectronic trap enhances the
radiative recombination in the {ndirect reglon is referred to as the Band

Structure enhancement (BSE).

In an isoelectronic trap, the potential asgociated with N isoelect-
ronic impurity is of mshort range nature, Campbell et all? gave a qualita-
tive degcription of the behavior of N in ternary Ga Asy_, P, : N starting
with the one electron Schr8dinger equation and obtained the modulus of the

wave function of the bound electron in momentum representation in the form

of
Bedl - 8iZ cut Al (ar0E 0T Ga b (1)

where B {5 a constant and ,@- (Eg + Al - Ey) /Ay . Eq is the
conduction band edge in the region of the Brillouin zone labeled of
Ad 15 a measure of the extent in energy of the conductiop band in the

d_th reglon and Cy is the normalization constant.

The probability density I@c(?()l ? s strongly affpcted by
the value of (Eg - Ey) in the denominator of egn.(13) E¢ = Ep
at the TI' conduction band edge. As shown in Fig.3, Ep & Ey come
closer in the region a little bit greater than the cross over point,

This shows BSE in this region.
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1.3 RADIATIVE RECOMBINATION PROCESSES
1.3.1 Possible Radiative Transitions in LEDs

Efficient Juminescence is observed in LEDs if th; fraction of
radiative recomhination exceeds the non radfative recombinations, There
are a number of factors influencing hoth radiarive and nonradiative
recombinations. The leading factor is the direct-indirect nature of the
hand gpap. The former favors radlative recombinations. The other important
factor is the effect of impurities. Shallow trap levels favor radlative
recombinations while deep impurity levels, vacancies, precipltates,
dislocarions etc., enhance nonradfative processes. Yet, In some cases (say
in indirect gap semiconductors), a relatively deep donor and ncceptor
levels are preferred to very shallow levels for efflcient radiative

recomhinations!3. This is because
i) with deep fmpurities momentum conservation is easier due to the

extension ol the wave functfon throughout the momentum space.

1i) recombination at nearest palrs does ntt require tunneling.

Transitions in LEDe can take place in one of the following ways:

i) band te band (intrinsic).

i) free to hound or viceversa on donors, acceptors or Isotraps :
11i)  pair recomhination at shallow donors and acceptors, and

iv) bound exciton recombination at shallow impurities such as iso-

substituents.
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In Indirect transition, selection rule demaids moamentum conservation

by iuontred impurity scattering.

In nitrogen doped materials, decay of excitons to bound nitrogen
atoms dominate and in nitrogen free materlals excliton recombination
previals. The free to bound transitions are on the donors or acceptors

in the ahsence of uitrugenjq.

1. 1.7 Recombination Kinetics in Ga Asy_u Py t N

Accnrding to Camphell et a1 ds , Ga P : Zn-0, Ga P i Ga Asq_y Py:N
have nearly the samé recombination models (as shown in Fig.4) since all of
them incorporate fscelectronic traps. The three states of a nitrogen

isoelectronic impurity are

i) the fmpurity (neutral) stave (Ng) (Fig.4h)

if) the hound clegrrun (negative) state (N7) (Fig.4cy & c3)
1i1)  the hound exciron state (N ®%). (Fig.4d).

Whete the recombination parameters are given in table 1.
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Table 1  Recombination Parameters

Ne nitrogen isoelectronic trap concentratlon

NE(NR) concentration of Ntraps occupied (unoceupied) by electrons
Nt concentration of Neraps cccupled by fenlated electrons

ex . .

NE concentration of Nepapg occupled by excitons

'tvr life time for band to band radiative recombination at I

Urnl(T xa) life time at ['(X) for nonradiative recombination external
to the N trap
Trp(?¢.) eiectron capture (thermal emission) time into (from) N trap
stnte
Pyt CTey) hole capture (thermal emieglion) time into (from) excitonic
hole state
Toen 1ife time for nonradiative free to bound transition
Teoxr (Toxn) life time for radiative (nonradiative) hound exciton transition
G injection rate of CB electrons

ng (g ) concentration of excess minority carriers In X(r) valley.

In (Fig.4a), the nitrogen isotrap i{g not involved and band to band
recombination can take place radtatively (Tpy) or nonradiatively
( Typs Txa)- In (Fig.4b), an electron is captured by a neutral Nf center

and N is formed. N{ has a Coulomb field around It. There are three

’

possibilities in this case.

1) the electron may recombine nonradiatively with a hole ( Zgp)

L1} it may alse he excited back to the conduction hand leaving behind

NE (Tye) or
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it1) it can attract a hole such that the hole assumes Ej, energy state

(?fvt) and the two (i.e. rhe electron and the hole) form a hound

exciton (Npex)

Again, the bound exciton can decay nonradiatively (‘Tuy,) or

radiatively (Texy) or the hole may dissociate and b exc{ted back to the

valence hand (T'.,).

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

kinetics are given as;

(dn/dt)=G- [ﬁ..-/q.,_pﬁpf 'Cirn]+ 5(! Txn (g 40) /T e) (1-NE/NE) -

el s 9 Vi S50 i
(dNE’fF}t)=(Ng = NE¥)/ Tyt - N1/ Caxn + Uy + 1/ 0 oxr) (14b)

(df\'g/dt)‘*"[(nrﬁnx)f%ctl““‘NEINt)“(NE'NEx)(lf-t'r_:'}‘éf?.'eﬂ) vl
- N%"(!-’T_’egn 4 1/‘[:'“”) (l4c)

e g, . l4d)
Ng = Nt + Nt (

1 - NEIN’- g!\f“.q the fraction of NE levels untrnp',ed either ‘}y isaolated

electrons or by excitons. (Nf - N§X)/@Type = Ng/ . glves the fraction of
ue & :
electrons excited to the conduction band. f = NES/NF ia the fraction of

trapped electrons in exciton states which is equal to hole occupancy

probability on an electron occupied N trap.
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Using the assumptions that

1) at low excitation levgls,eKCitnnic holes are in thermal equil

ibhrium

with holes in the valence band & f fs equal to the equil ibrium hole

occupancy probability.

ii) at low electron injection, 1-Np€/Np o l, slnce N traps are still

far from being saturated.

1if) for low efficiency LEDs such as Ga Asj oy Pey, B> Cop & %Ré‘?;m:

by at least an order of magnitude, Pfy ~Tyn = 7 n

and 1/ %pe + 1/ @p 2 L/ he holds for all crystal compositions.

From steady state conditions and using the given assumptions;
G =/ W ing A bt Yo (nptngd I Poe - (V2N 7,
= (nptn)[(1/2¥8/ 2ce)] - (Ne®-Ne&%) /T,
(Nté_Nlex)mte L '(Ntexfﬂte)krvtfc‘exn‘(t\?t;'tt‘b‘@:‘g / T"‘”)_,
f = []*'({{rt-/%x;ﬂ +Lye/ ttv)"’(%t’%xrj—l
(ngrtng) /2 o= (N 8~Np €X) (Litp 1 /Ren) = Ne®* (L2 axnt! /texy)

(mutny) /Zp= Ne®LOI-EY Toe ~E(1/Rxn + 1/xe) ]

Internal quantum efficiency is defined as

h = (lox;t) = g(dqd/de) [Tgevice
Bl r o

where o represents n or p, q is the electronic charge and 7 1s a

{(1%a)

{15b)

(1%¢)

(1ha)

o)
fraction of the output current that ends up in radiative recombinatio
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Therelose’, aqs Is the total number of carriers ending up in radiative
recombinations.
Ydd/de = R (Radiative recombination rate)

Using R In eqn.(16a); yields

= q(dd/dt) /1 = Rq!l y L = l-'!evine (16h)

In the presence of isoelectronic traps this {nternal effictency
could be taken as the sum of two terms; efficiency due to intrinsic
transition (Np ) and efficiency due to transitions assisted by Isoceleec~
tronic traps (4,).

/'f =h. iy = ('!?G)(n,-ﬂa',,r) + (".‘C)(Nt”/ﬁxr)

= (Y6 (nplrpr + Ne®™/gay,) (16c)

'sing equations (15a) and (15b) in (l6¢) vields,

ﬁp

T (nptng) [ (Liggt U Bep) = (Np=Np€X) /ey |~ (np/ Tip)

it

Ftng /o) G /) +H (g /) Ty /20 e) -

- (Np®-N.€%) /ne (U /P8c) 171 (17a)

Tl (nptng) (Mgt /ecy) = (Ne®-Ne®5) e )1 (N % /Zoxr)

=
i

"

T (1% Mon) (U480 Men) + (L/F=1) (Te) Tee) (Toxe! Bn) 171
(17h)

The term lf(nxfwj(?§r/zb) = [(nytnn) M, 1 (Tp/ng) in (17a) “a an
expression obtained for the quantum efficlency of a ternary alloy in the
absence of N trap. The reciprocal of this value glves the ratio of

radiative over nonradiative processes. The remaining term shows the effect
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of N trap In redurlng*?r » This Indicates the negative effect of N trap

on efficiency In the direct gap region wvhere ,qf, plays the major role,

In Al"’ there are two terms at the dinominator;
(%axnt %Eexr) (Cxnt %t)f(texntxn) and (N ®N 2%) (P p Taxn) / (Ne&¥ rc-u 'hkn’ E
The efficiency ﬂqu is basically dependent on the nonradiacive lifetimes

Zexn and Ty

1.3.3 Minority Carrier Lifetime

Minority carrier lifetime is defined as the time [t tnkes the excens
minority carrier density to decay to 1/e of its initlal value. The duracion
of emission is determined by the time the carriers gpend In the traps,

An increase in minority cacrier lifetime would indfcate an increase In
efficiency of FL diodes. High carrier concentrarion which is characterized
by free exciton, Auge: and other norradlatise recombinations reduces

minority carrfer llietimes’?.

The recombination rate in the depletion layer is controlled by the
separation of the quasi Fermi level® which in turn is determined by the
majority carriqr’poncentration and the applled voltage, Recombination in
the diffusion region on the other hand is governed by the lifetime of
the injected minority carriers; a parameter which is much more defect -

sensitive?,
The efficiency of Ga (Aq}P) il. diodes have been characterized by

the nitrogen concentrations, minority carrier lifetimes of both carriers

and majority carrier concentrations or doping levels (Ny-Np) particularly
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in cthe indirect reglon. In {indirect gap semiconductor, the minority

carrier lifetime is relatively long and hence long diffusion lengths are

required in efficient material39.

1.4 NONRADIATIVE RECOMBINATIONS

L.4.1 Defects and Deep Iﬂ"Pllf‘H:H Levels

Defects in crystals introduce additional energy states In the
energy gap and thus, addicionsl extrinsic electrical and optical proper-
ties are manifested. The defects can be point defects such as the one
cavsed by substitutlonal or interstitial impurities or line defects as
dislocations. Be it intentional or unintentional, impurities which ocenpy
deep level states are one of the major areas where nonradiative recombi-

A
nations take place. Such defects can be caused byl

i) discontinuities in the lattice constant at the interface between

the substrate and the epitaxial layer (i.e. lattice mismatch)

ii) difference in thermal construction to compounds (say GaP & Bas)
on cooling from growth temperature (i.e. difference in thermal

expansion céefficient),

Deep states are not ifonized at room temperatures. Reiatively small
concentrations of such states can compete with shallow activators such
as N isotraps hecause of the much greater thermal re-emlssion rates ol
the activators. They, therefore, provide an alternative (shunt) path Ffor

the minority carriers injected into the EL diode. Sometimes, the cross-
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sections of the deep centers can be very small but they can be greatly
aupmented by the effects of large lattice deformations such as dislo-

cations which act as an efficient energy loss.

Nonradiative surface recombination can alsp be the cause for
efficiency loss. It can occur when a continuum or quasi continuum states
join the conduction band to the valence band. Such surface recombinations

may be enhanced by pores, grain boundaries and dislocations.

As deep trap density decreases, EL efficiency increases since
space charge recombination current decreases and the electron diffusion
length increases thereby allowing injected minority carriers to penetrate
deeper into the luminescence ma:erialﬁz. EL diodes radiant output also
decreasesas junction temperatures increase. This implies that as tempeya~

ture increases, most of the recombinatfon processes would be nonradlative.

High doping (r2101%/cm®) introduces precipitates and causes line
widening (since at high doping or high excitation the conduction band

population increases and the spectrum is shifted) and reduces efficlency.
43
It also produces tunneling break down at relatively low voltages™=.

L.4.2 Auger Recombinations

When an electron transfers from the conduction band to some lower

energy state, it may radfiate photons (radiative process) or phonons or

it may transfer its energy to another free electron or hole (nonradi-

e ncess.
ative process). The last process is referred to as an Auger proc
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An Auger process {s an example of an intrinsic nonradtative
process. Such a process is present as a consequence of the density of
free carriers in the reglion of the semiconductor where the radistive
recombination occurs. Auger process can arise as a result of high dop-
ing. The effect of Auger recombination on internal efficiency in
moderately doped semiconductors with wide band gaps is not large. It 1a

insignificant In indirect gapped semiconductors.

Auger recombination can take place for bound excitons at neutral
donors or it can also involve free carriers. In such an Auger recombina~

tion, a1l of the exciton transition energy appears as kinetic energy of

one of the particles. 1t may occur even for excitons bound to isoelec-
tronic traps if a mechanism exlsts whereby a third electronic particle can

interact with the bound excitonﬁa.

| 8 DEGRADATION IN EL DIODES

Degradation is efficiency loss that is observed in EL diodes as a
function of operation time. LEDs, unlike other light sources have a merit

such that befere complete failure is observed intensity loss 1is manifested.

This efficiency loss can be caused by surface contamination or by bulk

phenomena.

The main reason for an efficlency loss in EL diodes is due to

current stress under forward bias (i.e. bulk phenomena). The forward

45
bias brings about twe effects on the EL diodes™~.
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i) As a result of the bias, field afdsd diffusion is ohserved along

the dislodatinn lines,

i1) An additional mechanical effect assoclated with a large thermal
gradieat near the active layer i{s also observed. Junction heating
in LEDs brings about thermal eéxpansion which is sufficient to

#enerate lattice defects in a uniform material.

Generation of defect centers in the course of operation is a
gradual process. Progression of multiplication of lattice defects is
observed once a defect is formed due to the eifective shear stress
acting on the dislocation®, The effect of such defects is more pro-
nounced {f they are introduced within diffusfon length of the p=n

Inerion since radiative recombination occurs within this lrngth“’.

It may happen that through time excess concentration of dopants
mly arise in the r;combinatinn region or out of tolerance variation of
concentration of {ntentionn! _ dopants may be observed. In addition,
Surface flows due to mechanical damage in handling or chemical contamina-
tion can also bring about degradation. The degradiation rate {s high for
Increasing energy.gab ;ithin a series of semiconductor alloys. It is also
dccelerated by small particle size, higher firing and higher operating

temperatures8,

Unlike radiation damage, thermal annealing can not remove degra-
dation caused by current effect47:49, Thus, degradation due to hulk phe-

nomena is permanent whereas degradation caused by surface effects may be

improved by chemical etching.,
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11 MATERTALS AND METHODS OF MEASURFMENT

In this chapter, the samples are specified and tnstruments and
experimental procedures are described. The maln purpose of this work
was to study all possible electrical and optical properties of ElL diodes.
During the work a wide spectrum of parameters of EL diodes were determined.

An attempt was made to correlate some of these parameters.

2.3 Sample Specification

There were two sets of EL diodes avallable for the experimentnl study,
[n the first get, there were four groups each with seven samples. Theso EL
dlodes were made by TESLA ELECTRONICS, Czechoslovakia and they were
identified as RED (LG1131), labeled, Ri+ R2, R3, R4s Rs, Rg, Ry; ORANGE
(Unidentiffed experimental samples without catalogue number), labeled
U1, 02, 03. 04, 05, 0Og, 073 YELLOW I (LQ 1431), labelnd
T1+ Y2» V34 Yae Y54 Y6+ Y7 and GREEN 1 (L0 1731), labaled,

Gy, G, G3, G4y G, figy G7,

In the second set, there were two groups of El dlodes consisting

of three smaples gach. These samples were made by RADIO SPARES (RS),
kngland and were identified as:

YELLOW 11 (LED;-586-497), labelel Y, Y, Y4, and

CPEEN 11 (LED4-586-481), labeled, g;, R, £.



Filectrical and optical studl Y
! wdles and band gap measurements were

each of t :
f the 34 samples independently. As to the electrienl
I-V and C-V ch . -
V characteristics studies were made at forward and
bias,

respe vely ) : i
pectively. Optical properties were studied by emission

minosity meas! o 3 "4
i ity measurements. Finally, thermal band gap measurements were

Electrical Measurements

measurements were taken at room temperatures within voltage
ranges from 0,0 to ~ 2.5 volts. Stablized 62058 dual dc Hewlert
Packard (HP) power supply was used to blas the diodes. PM 2517F
hilips digital voltmeter (of 10MR internal resistance,?Z
accuracy and lmV resolution) and MA 4E Leybold Heraeus (LH) analog
ltimeter (of 10 ML internal reﬂistanref].ﬁ’ accuracy and 0.01 nA
recolution) were used for voltage and current measurements,
respectively. Fxperimental setup for the 1-V measurement is shown
in Fie.5. An attempt to study I-V characteristics under reverse

bias has falfled slnce the reverse current was below the resolution

sower of the MA4E multimeter.

femperature readings were taken during I-V measurements of each
diode. Fvaluation of the {deality factor n was made from the slope
of the linear ;eg{on of Jnl vs V graph. Curve fitting was done by
ysing TL-59 programmable

the least square regression me thod

\cqlator. Plots of 1=V rhﬁrnctpr1Qllcq for rrprcﬁentntivr samples

9 and mean values of fdeality

f each proup are given in Fig.

factors in table L
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Fig.5: Schematic Diagram for I-V curve measurement. ELD stands
for electrol iminescent diode.

-V characteristics studies were made for each diode using E7=11
(USSR) LCR meter (of an accuracy better than 10Z) at a frequency
of 100Hz. The diodes were reverse biased using HP 62058 power
supply. Voltage readings were taken using PM 2517E multimeter at
fn{nr.va_ls: of 0.1V over the voltage range from 0-4.8 volts. The

setup is shéwn in Fig.6. The capacitance, as mentioned in the

: i
theory part is related to the voltage as C~ V™3 for an abrupt

junction . Plots of ]/L" vg V were made for each group. Curve

fittings w.ere agaln made using the least square method. Concentra-

tions of the smaller of the impurities (Np or Np) and buiit in

potentials {’u']-,i) were determined from the slopes and the inter-

cepts, respectively.
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Fig.6: Schematic of C-V curve measurement ,

Optical Measurement

To correlate photomultiplier current to the diode current, photo-
multiplier current measurements were taken at different diode bias.
For this, the diode was kept in a confined box where no measurable
amount of light could enter from the surroundings. A hole with

the dimension of the diode was made on one side of the box. The
light from the diode was directed to ¢3Y-?9 (USSR) photomultiplier
(which has a maximum sensitivity range between 400 - 440 nm) through
this hole. The photomultiplier wae biased by a 2K 369 5KV Philip
Harris dc ;uwer supply. Care was taken to keep every diode at the
same orientation and at the same distance from the photomultiplier

|
every time. The experimental arrangement is shown in Fig.7.
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sity measurements. (b)
a) Schematic diagram for luminos
én;ponents of the photomultiplier. Dashed lines indicate

dark box.

Fig.7:
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Rpotomultiplier current readings were taken at 1000V and 2000V
photomultiplier voltages. The diodes were biased by 62058 power
supply in the range between 1.2V - 2,5V, MA 4E multimeter was used
in the microampere range to take the photomultiplier current
readings. PM 2517E and MA 3E Leybold Heraeus multimeter (of
10MSL  internal resistance and 1.5% accuracy) were used to
measure diode voltages and currents, respectively. The natural
logarithm of photomultiplier current and diode current were taken
and plotted against diode voltage and comparisons of the depen-
dence of hoth currents on voltage were made. This, in our
laboratory was the nearest substitute to study LIV (Luminosity

and current versus voltage) characteristics.

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

@9‘[ - 79 photomultiplier. The photomultiplier was biased by two
52237 Leybold Heraeus High Voltage dc¢ power supplies connected
in series to get an output of 2300V. It allowed to read maximum
sensitivity of the photomultiplier. The voltage of the photomul-
tiplier was measured by DCHI voltmeter (of 50KR. /volt internal
Photocurrent measurement was made

resistance and 17 accuracy).

by MA 3E multimeter. The stability of diode voltages and currents

were checked using PM 2517E and MA 3E multimeters, respectively,

The experimental setup {gs shown in Fig.8,
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Fig.8: Spectral Characteristics Measurements. Dark lines
indicate regions protected against light from the

surroundings.

Before taking readings, the calibration of the spectrometer was

checked by a sodium discharge lamp. Necessary calibration was done for

the photomultiplier spectral response as is given in the correction

curve of Fig.13. Since the light emitted from each diode was small and

a slight external light could affect the spectrum, much care was taken

to control the effect of the pexternal sources. Correction was made foy

light due to digital meters and indicator lamps. Finally, readings of
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photomultiplicr current agaiunat wavelength were taken by varying the

wavelength and keeping the diode voltage constant, In this particular

P —— -

case;
a) wavelengths and peak emission energles of the diodes were
determined from the wavelengths corresponding to peak emissions,
4
k) emission spectra were studied for each group at different diode :
currents. Peak emissions were determined at 5, 10, 20 & 30 mA ¥
diode currents to investigate the existence of peak shifts with i
I
diode currents and, t
c) comparison of peak emission intensities were also made for the F
different groups. f
#
2.4 Thermal Band Gap Measurement 3

I'n thig‘e:perimenta[ work,a final attempt was made to determine i
thermal band gap of each diode. For this, due to lack of thermostat,
102 Fisher oven was used. In addition, because of low sensitivity of the |

meters, it was not possible to carry out this particular experiment with ;

the diodes under reverse bias. Rather, mean voltages at which the ideality X

factors (n) in (1= exp(qV/nKT)) assumed constant values (i.e. 1.6V for :
kreen and yellow, 1.7V for orange and 1.4V for zed EL diodes) were chosen

i
.

to bias the diodes at constant voltages, The voltages for each EL diode
vere checked by 3478A Hewlett Packard multimeter (of 100nV resolution and

tnput resistance eﬁceeding 10'00) to four slpnifigant figures. Seventeen

_i

L sirfon
EL diodes were fixed to a circuit board and placed in a horizontal po C

-
£ o———
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in the oven (to minimize the effect of temperature gradient) at a time

and the diodes were heated upto a temperature of 70°C. This temperature

was the maximum limit for the EL diodes used In the experiment. Simulra-
neous current and temperature readings were taken for each diode in the
process of rooling. MA 3E multimeter was used for current measurement.,
Temperature readings were taken with a thermometer which had a range
from - 5°C to 100°C and 0.2°C resolution. Readings were taken from

70°C down to room temperature at Intervals of about 5°C. From the read-

ings, fnl vs (1/T) was plotted and energy gaps (Eg) were determined

fFrom the slopes.




- 43 -
I11  EXPERIMENTAL RESULTS AND DISCUSSTON

Based on the measurement procedures described in the previous

sections, the results obtained are presented in this chapter.,

1.1 -V Characteristics

fhe 1-V characteristics study reveals that there exists a linear
reglon in the Unl vs V curve (Fig.9) which extends over about twe
decades of voltage (1.5V ~ L.7V) for most of the diodes except the red
ones. In red EL diodes however, the linear region extends over about

four decades (1.2 - 1.6V).

I'be mean values of ideallity factors for each group evaluated from

the slopes of the linear reglons by curve fitting are given in table 2.
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Fig.9: 1~V characteristics
of the representative
samples from the first set

(a) and the second set (b)
of EL dindes under forward
blas. The samples were
selected on the basis of
their ideality factors
which are closer to the
mean values of thelr
respective groups.
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Table 2. Mean Values of ldeality Factors (n)
LED Tvpe Mean 'n' Value Voltage Range (V)
CREE i 1D 7 I.537% 0,16
FEN 1 (LQ 1731) 5 Lk g
YELLOW T (LQ 1431) 1.65 * 0.06
ORANGE (unidentif ied) 1.29 ¢ 0.02 1.6 - 1.8
RED (1.Q 1131) 1,74 ¢ 0.12 1.2 - 1.6
; = .94 * 0.07
GREEN IT (L, 586-481) 1.8 } SO o
1.84 * 0.06

YELLOW 11 (L4 586-497)

et

Mean Percent Error

~d ‘.(!z
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the values of the fdeality factor range hetween L.0 and 2.0
indicating that both diffusion and recombination currents are present
vithin the given voltage range. in Fig.9 all of the curves have almost
constant slopes below 1 volt (or < 10-7 A) except in the red EL diodes.
The ideality factor in this region highly exceeds 2 and the current is
neither due to diffusion nor due to recombination. Within this range,
the current is also not influenced by temperature. At such low voltages,
the current is basically predominated by tunneling nand this f{s i{n line
with the work of Shih30. Above 1.8 volts (e~ > 10-7 A) deviation from
linearity 1s observed for all the curves and this fa attributed to the
series resistance effect. Evaluation of the series resistance values by
extrapolation for all the diodes has given values within the range of
5 - 25 5. . However, these results should not be considered since high
injection current might have also an effect in this region. The result
shows an agreement at least in the order of magnitude with the ~s10JL
reslatanca obtainod by others?l+43, High series resistance indicates

low injection effeciency, It also affects the light emission efficiency

in the region where the series resistance has substantial influence.

Comparison of ideality factor values within the first four groups
P

shows domination of diffusion currents in orange El diodes with n 1.3

a8 compared to red EL diodes with n=~1.7 in which recombination

currents have greater influence. Comparison of the two sets indicate early

.e. RS EL diode .
and strong series resistance effects in the second set (i.e
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5.3 C-V Characteristics

The limear plots of (1/C*) against the reverse bins are shown for
six representative samples of each group (Fig.10), As observed from the
value of the correlation coefficient, the lines it i{nto the data pointa
very well. The linearity in all the EL diodes indfcate that the junctions
are ahrupt, Extrapolation of the curve to 1/C? = () ({.e. the Intercept)
gives Vpy - 2KT/q. Hence, the value of the built in potential (Vy¢) at a

given temperature is obtained for each EL diode from the intercept.

Concentration of the smaller of donors (Ny) or acceptars (Np) could

be obtained from the slopes as follows.

D(1/€2) BV = 2/(q8g Ny)

Ng = 2/qfs [2(1/C*)/DV] (10h) I

& = E(’) Er where % - ﬂ-ﬂﬁ’llﬂxlﬁ‘”‘?,‘gn

The ratio of the permitivity of the semicaonductor to that of the

vacuum ( %/ €,) could be obtained from the value for GaAs (R/ 5 = 13,1)

and Ga P (%/ & = 11.1)52, To evaluate &/ f, for the El diodes used

in the experiment two basic assumptions were made .

1) that all the EL diodes are made from GCa Asj.x Py termary alloysj

1) %/ € wvalue changes depending upon the variation in the

composition of AKP.

r [ the two
Starting with the difference of &l %, R, ol ) ‘

5

Al B &) =130 = 1) =2 |

binary compounds, ‘
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daking Ga Asy g Pg,4 (red) for instance, one cap asuure that this
FL diode consists of 60X Ga As and 40% Ca P. Tims, its %l By value is

given by £/ & (red) = 13,1 - (2x40/100)=11.1 + (2x60/100) = 12.3

By the same analogy, evaluation for Ga Asg, 15 Py gs and Ga Asy (s Poi.bs

yields 11.8 and 11.4, respectively.
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fhe capacitance values measured in the experiment represent the
capacitance of the entire junction. To evaluate Njyo  the value of
capacitance per unit area is necessary. However, {r the experiment, the
area nf the junction could not be determined precisely. Rather, {norder
to get a rough estimate of Np, junction area of 10~3 cm? was taken as
a fair ectimation®?, The slopes are evaluated by taking the junetion
area into account aud by making use of the aliready obtained 7 values.
Then, values of Np are computed. The results obtained are summarized in

table 3.

Tahle 3. Built-in potentials and the less dense danor (or acceptor)

concentration (Np)

LED Color Vg %/ %o Slope(x1020F-2y=1)  rpfen?
CREEN | 1.9220.11 11.1 2.53£0.% 5.0x1016
YELLOW [ 2.04+0.18 11.4 4.25:1.52 2.9x1016
ORANGE 1.63+0.02 11.8 1.0681.08 1. 1x10d7
RED 2.89+0.18 12.3 0.87+0,14 1.3x1017
GREEN 11 2.06+0.12 1.1 4.63%1.09 2.721016
YELLOW 11 2.14+0.04 11.4 2.1240.50 5.0x1010

Percent Error ~ 5%

=i

- Vs "y b p
A8 asen Erde the thbles Ny awlﬂl7fcm2 ¢ 1019 em?® indlzal hat

at least one side of the EL diode 18 nondegenerate. Built-in potentials

S ar resul’s
ranging between 1 and 3 volts are observed In this work. Similar

arrior
Were obtained in other p-mu junctiona53 and Jchottky Bar
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In Flg.10 slight deviations of the data points from the Linear
curve are observed near V = 0. This shows that the EL diodes have
variable Nj - Np concentrations near the junction, It {is attributed
to the presence of deep states which contribute to the capacitance when
mobile carriers are present in the depletion region3. The deviation {s

more pronounced in Green LI and Yellow 1 EL diodes which are characterized

by decreased Ng values in this particular experiment.

3.3 The Relationship of Photocurrent to Diode Voltage

luminosity .- Iradiative ~; Iphotomultiplier

The behavior of a photomultipllier current directly reflects the
tature of the luminosity of the EL dicdes. In EL diodes, within a
voltage range under which dlode current has an exponential dependence
on voltage, the patural logarithm ofphntocurrent plotted against
voltage would show linear behavior. However, the n' value In this

case is different from the ideality factor n. The relationship

]
between Iphoto and diode voltage is given in Fig.ll and n' values

"é.
forresponding to the linear region of the curves are given in table
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current and Diode current
dgainst voltage at room
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2000V,
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Orange (2 ,2")
b) Yellow I (3,3') and
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in Fig.1l, strict linearity between Vn Iphuto va ¥V Is to |
expected because in the voltage rapge under which u {s constant the
current which is responsible for radiative recombination shows an

exponential dependence on voltage. In this voltage range, the data
points of ¥n Iphoro vs V (left scale of Fig.11) and .In Igqode ve

(right scale) fit well to the linear curve. It is only in this same

region that the luminosity shows an exponential dependence on volt:

Table 4. n" factor in L ~s exp(qV/n'KT)

LER color n' Voltage Range (V)
YELLOW I 1.18 = 0.01
ORANGE 1.06 & 0,01 1.6 - 1.8
RED 1.09 ¢+ 0.03 1.2 = 1.6
GREFN 11 L ¥.29 ¢ 012 T

o e B
YELLOW 11 ' 1.13 ¢ 0.02

Mean Percent Error < 51X

ra

El
As observed from the table, generally n' < ik o

: g tomyltiplier current.
diodes. High a' value is correlated to low pho p

Id be seen by
fhe actual relationship berween the two EYTERNES SV

nt against
[‘Iﬂt(‘ing the ﬂﬂtul‘ﬂl. I_f)garithﬂl of photonllltit‘ll!'r cnrre £

Fig.17).
the natural logar L thm nf dinde current (Fig
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and they serve for comparison purposes. Red EL diodes have maximum

ef{iciency as they ought to be due to their direct band gap.

ef ficienclies of the EL dlodes



3.4 Electroluminescence Emission Spectra

The study of emission spectra of all the diodes was carried out by

a photemultiplier which has maximum sensitivicy range from 400-4%0wm. To
make spectral emission study over the entire visible range, it was
necessary to determine the spectral dependence of the sensitivity. In
order to make the correction, operation temperature of tungsten
filament is kept constant by fixing the current. Fixing the current

fixes the value of the resistance of the filament. The relat{onship
hetween the resistance of the rungsten filament and temperature along with
the correction for the emission intensity frow blagk body to tungsten ia
obtained from Hand Book of Physice and Chemistry’?. Using this temperature

value, emission intensity of black body is computed using Planck's

radiation law (eqn,l8) at different wavelengths

b b

. 27 (18)
€ - 3

ehe/ :\KT_1

For Instence, at a temperature of 1610K black body emission intensity (s
multiplied by 0.446 for XAy = 650mm and by 0.475 for X, = 467nm. Assuming

uniform decrease in the multiplicative factor as the wavelength increases,

we get . e
0.475 - 0.446 . 0.029 _ _ 4 5g5 « 104
467 - 650 -183 .

as a change in the multiplicative factor for lnm change in wavelength.

Thus; for.X. A6BRs.the multiplicative factor which fs u=ed to change

() of black body to #(2) of tungsten is 0.475 = 1.585 x 107" = 0.4748415.

Lol f
Emission intensity of tungsten is obtafned from the eminsion intensity o

black body following the foreroing procedure. Finally, correctfon factor
3 oay . >

ie obtained for the photomultiplier as
. 2(;\ )tungsten (theoretical) (1

P g e o s AN | TSyt ) [FORCNET & u ] | ]
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Based on this evaluation, the followlng correct lon factor curye

is obtained for che Q 9t - 19 photomultiplier at ita operating voltage

of Z300¥,

22[— v T r T u T T v v y v v -+ —r—
201 Correction factor (CF) ve Wavelength »”
sl For QS Y-79 photomulciplier o
is | "

14 - e
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Fig.13: Correction factor for $9Y - 79 photomultiplier for
the wavelength range from 400nm - 700nm. Photomult -
plier voltage is set to 2300V,

Emission spectra study was carcied out for each group and the

results were multiptied by the correction facter which correspond to

their respective wavelengths.
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the spectral analysis of the first and
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units. Comparision of these relative emission intepsities shows that red

Fl. dindes are the most intense, Itg Intensity is almose double that of
green I which is the 2nd mOSt intense. Ag compared to yellow I, the

intensity of these EL diodes ig about ten times higher.

The bandwidth of the Spectral curve gives some clue about the
nature of impurities. Half bandwidthgare evaluated to quantify the
comparisons. Broad spectrum characterizes Impurity levels which are
responsible for transitions corresponding to different energy levels,
For fmpurity levels extending to bands, transitions corresponding to
different photen energles are possible and this broadens the spectrum,
If there 1s only one impurity level, sharp peak ig observed. In line
with this Argument, red EL diodes show relatively narrower band widlkz
A5 compared to the rest. This implies that there are more definite
fl*rey states at which recombinations take place in these EL diodes.
Close observation of EL diodes of the 2" get shows small secondary
peaks to the right (for green) and to the left (for yellow) from the
Primary peaks. Thé presence of these secondary peaks reveals the
Presence of different recombination levelsgpart from the primary ones
Nd they are associated with different impurity }evels which correspond
to different energies. These additional secondary peaks correspond to
Blerpies of orange and yellow bands in yellow and green EL dfodes,

respect!vely.
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Usualily, the main and secondary peaks are close to each other
and it is difficult to resolve the two at higher tempersture. Better
resolution of the two could be possible at lower temperatures (i.e at
a temperature of liquld nitrogen, 77K, or liquid helium, 4K). At low
temperatures, thermal (lattice) effects are suppressed and only effects
of impurities are evident. Low temperature is characterized hv frasza

»

out of carrierg.

When the peaks nearly overlap and cannot be resolved, the
spectral shape could be unsymmetric as in Cnq (rig. l4a) or the two may

be separacted as in (Fig.15).
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In the latter case, it 1s possible to resolve the two and tell the
energy corresponding to the secondary emission. This in other words would

also give a hint to speclfy the emergy of the impurity level corresponding

to this secondary peak emission.

I'here is an overlap of the twp peaks as the difode current increases
to 30mA. This may be due to the heating effect of the current. As the
diode is heated, more and more impurities are jonized and in addition band
gap decreases and this may cause the initiallly separate energy levels to
overlap. Transitions to such overlapped states result in a spectrum which

is not finaly resolved.

The nther important point observed in the study of FL emiasion
spertr: is the appearance of small peaks which are totally separaced from
the main {primary)} peaks. These small peaks have extremely very small
emission intensities but their emergies could be specified beyond doubt.
As shown in (Fig.l%), in green I and red EL diodes there are negligibly ‘

smal' peaks corresponding to energles of 2.1leV (or A= 587nm) and 1,70eV

(or 3 = 730am), respectively. In K doped GaP, recombination takes place

hoth at N impurities and at NN (or N pair) impurities. The former 18 respon-

sible for green emission while the latter is responaible for yellow emissjon.

lie intensity of the yellow emicsion depends on the density of the availahle

NN states and the probability of possible recombinations at these NN states.

"\ff't
Ihese depend at room temperature on the denaity of N in CaP. If N is largein~

56
rransitrions at NN pairs may dominate in this compound semiconductor”™. The

: , indicates low
reduced intensity of yellow emiseion in green GaF therefore, in

concentration of N in GaP.
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The energy of 1.70eV corresponds to the infrared region. It {s
more likely that this small peak might poesibly be activated by relatively

deep imintentional impurity levels. Similar recombinations are observed in

red GaP EL at Zn - @ isoelectronic traps’/. Thege deep impurities may
probabliy be oxygen or copper and they are responsible for the low energy

emizslon which ig analogus to the red donor acceptor pair recombination

bands commonly observed in Gap30,

Study of the effect of diode current on the EL peak emission
position at different forward currents of 5, 10, 20 and 30 mA showed no
shift in peak position in general though in some cases (Ry, 0,4, 8; of Fig.17)
there were siight shifts. Such very small peak shifts as current increases
may be attributed to the heating effect of the diodes. At higher currents
(from 10MA to 1A) peak shift of about 2.5 nm was observed according to
Craford et a136, Indirect band gapped gsemiconductors basides showing low
quantum yield, high series resistance and multiple emission bands3C, do

also reveal slight pemk shifts to higher emergies due to higher heating.

As shown in Fig.(17b), light outputs of peaks are nearly linear

f the
with curteats. Slopes of «4hese curves give the relative efficieacies o

EI. d iﬂdes -
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Fig.17: {(a) Peak emis- b

sions of different |

colored EL diodes at Peak Emission va Current
5,10,20 & 30 mA diode 8 Red (Ry)

currents, The peak
intensities corraspon—
ding to the 30mA are
normalized. The diffe-
rences in the inten~"
sities at smaller
dicde currents indicate
the variations of peak
intensity values with
current as shown in (b)
The differences in
slopes observed in (b)
reveal differences in
¢fficiencies of the . ST
different EL diodes. \ ,._M'a" B o
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L 3 plede Current (mA)
ib)

Yellow 11(yq)
Orange  (04)

A
®
W Green I (gy)
s

Yellow I (y;)

Peak Emission in arbicrary units
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the foregoing discussions about the emission spectra of differ

Rt..diodes can be summarized in table 5.

Table 5. Average peak and binding energies of inpuritie;
(isotraps) for sample EL diodes.

- i
g ] -gg
E,m E - 8
E -~ ® e ¥ ‘.g
= [ —~ = o % ~ ay o
oo O~ [#] Lo b ~ -5 —~
- et 5. o wl o~ o ~ ) g 3 @y hP'
o o - | nuf. g ~ JS£ L~
[ -] mva w a 1 ! .
3 -4 bl td S (=% - —
E 5 E @« g8 o o [ :V o
| '.UE ” ﬁ :.I‘ : 5 33 - IE f; g'.r." s E:
o] AL m £ ? [+ b LI o~ i. e
- o o o T 0 0 W e > o L - )
4y 3% 284 3§ ET 3% 23% &% 48
GREEN I 560 56023 2.22:0.01 2.18% 2.261 27 30t 41
YELLOW I 587 58723 2.1120.01 1.97% 2.180 37 40t 70
ORANGE - 590:3 2,1080.00 -  2.086 37 S
RED 660 - 66248 1.87#0.02 1.91 1,925 18 28 55

GREEN 11 = 56247 2.21:0.03 2.18% 2.261 23 30 51

0
YELLOW IT -~ 5a3+3  2,0940.01 1.97% 2.180 40 4ot 9

e —
e ————————

# Calculated on the assumption thathe FL diodes are made from

Ca As)_x Py ternary alloys.

. [] f
#% Taken from Bergh and Dean, 1976, page 33, table 1 3, for

comparison purposes.

+ The N doped Ga P results are considered.
the peak
AE is the difference between the energy gap (Eg) and P

emission energy (Ep) .
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The binding energy of 2Zn in Ga (As, P) EL diodes is within
w30 - s 65 mev26,36 gng that of Te is about 90 meV26. Hence, in
yellow EL diodes where (Ep + Ep) = 90 meV) recombination might be ~
through Te donors. In others, it might be through zinc acceptors or
by pair emission (domor to acceptor). Transitions can also take place
from isoelectronic traps to acceptors or from donars to hole traps. In
the latter three cases AE is the sum of two binding energies and it

is difficult to tell the nature and the type of the impurity.

3.5 Thermal Band Gap Determination

Practically all of the EL diodes have negligibly small reverse
eurrents because of their large energy gaps. To determine band gap

18
under forward current the following approach was adopted from Sze

1o <~ [T" exp(-Eg/K T)]T i

/2 exp(~Eg/KT) (20)

I =1, [exp(qV/nKT)=1] ~ A expl-(Eg - qV/n)/KT] where A is a constant.
(21a)
fo 1 =- (/T) [Eg + (qV/m)]/K
Plotting @n 1 versus 1/T ylelds: Eg as

E, = qV/n - K({fal/ /D] = qV/n - K (slope) (21p)

-

The plot of Pn I vs (1/T) is sh

g
own in Fig, 18 with average

Eg values in table 6.
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Fig.18: Nacural logarithm of diode current plotted against the
reciprocal of temperature for representative sample
EL diodes. The straight lines indicata best fits to the
experimental data points.

Table 6. Experimentally determined thermal energy gap values

Es(e\i) theoretical

LED color ES(GV) exptal. (Ga Asy_yPyx EL diode)
GREEN I 2,21 * 0.17 2.261
YELLOW ¥ T 2,07 ¢ 0.04 2.180
ORANGE 2.52 + 0.06 , 2.086
RED i.76 + 0.12 1.925
GREEN 11 1.82 + 0.06 2.261
YELLOW 11 1.86 + 0.06 2.180

e ——
e ——

I
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. 'Band ‘gap measurements reveal quite substantial deviation from the values

of Ga Asj.x Py EL diodes corresponding to their colors. This may he

'partially attributed to experimental error aince in phis experiment’,

1) it was not possible to control the temperature precisely and

there might be s temperature gradient,

i) the use of a forward bias brings about an additional error

which is associated to the ideality factor of each diode.

The deviation of orange EL diodes ig much higher than all the rest.
This is not at all attributed to experimental error. It rather indicater
that the diodes might have possibly been made from some atiar compounds

Or ternary alloys.
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IV CONCLUSTONS

The aim of this work wase 'to study infection BL in p-n junctions,
A set ol 34 samples divided into two different groups depending on_ their
origin were shidied optically and electrically. Among the most important
of rhie parametric studies I-V, C-V and emission intensity were chosen

and the following conclusions have been drown.

Le From 1-V data, the ideality factor obtained ranges from 1 to 2,
indicating some deviation from the ideal SCthtky diode equations in
which the ideality factor assumes the value of 1 under forward bias.
This implies that the diodes are of wide band gap semiconductors. The
reverse current which is less than 10712A (between 0 - 3 volts) also

gives an additional confirmation of the wide band gap nature.

2. Results from band gap and peak emission energy measurements and
tomparison with the experimental works carried out on similar EL diodes

Show that the sample LEDs are of Ga (As, P). The conditlion of orange EL

L

diode however, needs further investigation.

3. C-V results indicate abrupt junctions for all the diodes with

builet-in potentials between 1.6 - 2.9V. This again supports the wide

~a

band gap nature (i.e. Vpi ™ Es). In addition, the substrate dopant

concentration (Ng) is aboot 1016 to 1017/cm® under the assumption

~3¢4n? , all the
that the junction area of the diode is about 1077¢w" . Thus, a

El. diodes are nondegenerate at least on one side.

tiplier
4. Fmission intensity which is proportional to the photomultip

- s exponential
Current has an exponential dependence on diode voltage. Thi pon

r which the
dependence strictly holds within the voltage range ove

ideﬂlitu B e el M ¥ 0 M e e B LA Y Bl Y
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L Comparison of emission intensities of the different colors and
"types 9{ EL diodes show that the Red(R) ones are the most intense
followed by Green 1(G). The couses are direct radiative transitionsin

the former and band enhancement by N isoelectronic traps in the latter.

6, Secondary peak emissions observed in Orange(0), Red(R) and Green I
(G) EL diodes are due to slightly separated impurity levels, unintential

deep trap levels and recombinationsat NN pair traps, respectively.

Only slight peak shift was observed as a result of the diode
current. This can be attributed to junction current heating effect, but
further measurement with more sensitive instruments will be required to

find the appropriate relation between the two.

1 Measurement of the binding energy (AE) of the dopants in each EL
diode has shown a resul:i in the ranage from4OmeV (for Green 1) to 90meV
(for yellow I1). This result is in good agreement with the data published

earlier for Ca P:N, No similar comparison coold be made for Orange & Red

due to lack of data,
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