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CHAFTER-V

ELECTROLUMINESCENCE

5.1  INTRCDUCTION :

Electroluminescence (EL) 1sf§henomenon of light emissicn
by luminors due to the sole acticn of electric field ( a.c.ord.cl.
Studies of voltage and frequency dependence of time averaged
electraluminescent brightness, brightness waveforms are the
important means to understand the mechanism of electroluminescence,
In present chapter studies on voltage and frequency of the time
averaged electroluminescent brichtness are studied, so as to

obtain- the information about -

i) effect of activators on EL behavior,
i1) Vvaéltage dependence of EL brightness,
114) frequency dependence cf EL brightness,

iv) mechanism of electroluminescence,

v) kinetics involved in EL process.

5.2 THEORET ICAL BACKGROUND 3

S.2.1tRelaticn between brightness and applied voltage :

The electroluminescent brightness depean on the exciting
voltage, A variety of mathematical forms proposed by varicus
workers are presented here and there appears to be a considerable

e
disagre%bt as regards the exact quantitative relationship.

Destriau (1) in (1936) observed thaﬁ the time average
of emissicn intensity of electroluminescent zinc sulphide
phosphor increases exponentially with increasing amplitude of
exciting a.c, field. The first relaticn proposed by him is

B = a exp.( “'b/v ) - o - - (5.1).

BARR. BALASALER rwanor
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where B and V are brichtness and voltage respectively ,
and 'a, and 'b, are constants independent of V, but depends on
temperature, type of phosphor and fequency of abplied voltage,
The relaticn 4is amenable to simple theoretical interpretation(2)
Later Distriau (3) changed this to B = av” exp. ( - b/v ) =-(5,2)

Where n 1s a constant,

For single crystal of Z2nS a relation

B=av' exp. ( <b/ v) eees(5.,3)
is given by Alfrey and Taylor (4). This equation with n=1 is
found to hold good for 2nSsMn £ilms (S), The equaticn(5,3) with
n=0 reduces to

B=aexpe ( =b/ V) errccwccn- ‘ (5.4)

This equation was first employed by Alfrey and Taylar (4)
and Zalm ( 6,7 ), Z2alm and his co-workers ( 6,7 ) have reported
that his equation is valid over seven decades of brightness for

microcrystalline Z2nS phospors,

Later on Thormton and others ( 8,9,10 ) have shown that
the equation (5.,4) holds only at low voltage but at high voltages
the equation

B= aexp, { - b/v) ‘ evesese(5.5)

Works more satisfactorily

Lehmann (11) found the emission of individual particles
to obey equation (5.5) and found that summation of the ocutput
of large number of particles leads tc the normally observed
equation (5.4).

A relation similar to equation (5.5)

B=aexp. ( <b/V+Vy) . veees (5.6 )
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Was first proposed by Destriau and Ivey (12) and subsequently
used by Morehead (13) with some success in ZnS and ZnS:CujCl
for micrccrystalline ZnS activated with Cu, Howard et.2l (14)

and Lehmann proposed
B = aVv eXpPe. ( - b/v*VO ’ csese e (5-7)

Where b and Vo increaser slowly with freguency.

On the basis of exhaustion rarrier theory Taylor (16) deduced
the following relation.

B = RO eXpe ‘o ( VQ 1 k XERE (508)
v

where as on the basis of impact ionisation mechanism Magy (17)

derived the following relation
B = aexp, - b / (1 +cv )2 essee(5.9)

Luyckz and Stckkink (18) reported a relation

B =a exp, ( «bv ) eesse (5.10)
for microcrystalline ZnS : Mn
Harman and Raybold (19) have suggested the powerlaw relation

B=a (V -vo )"

For Zns phosphors with n =3 , A similar expression with Vo = 0
and n = 2,5 was given by Diemer (20) for single crystals of 2nS
and was found toc be valid at high voltages over five decades of
brightness. '

Halsted and Kollar (21) used equation (5.11 ) with Vo = o
and n = 7 2alm et al (22) used it with n = 3.5, Gaur and Ranade
(23) used thisequaticn with Vo = 0 and n = 6.5 for €aS : Ag phosphors.
Lawangar and Pawar (24) used equation (5.11 ) with Vo = o for

Cas : Bi : Pd, phosphors,
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On the basis of Piper and Willisms theory Howard etal (14)

cbtained another relation as

B = av3/2 ( 1 -3 V” ) eXDe ( - ch’ ’ ces s (5012)
C

Wwith a and € as ccnstants

Vlasenka and Popkar (25) have found another empirical

formula for film panels 1i.e,

B's g exp. {(YVv/h ) ceseacs (5.13)
Where g and h are constant.

Chan and yu (26) have shown that EL emittance of film panels
dependson various parameters such as composition'and aging of
panels and applied voltage. They have studied evaéorated £ilm
panels of ZnSs Mn , Cu, C} and have given an emﬁarical formula.

B=Aexp. ( =G/ F+Yv) cereecess (5.,14)
wWhere A, G and P are functions of operating time and can be

regarded as constant during any measurement of EL emittance,

Z. Porada (27) aprlied the EL model suggested by Alfrey
and Taylor (28) to explain the observed EL emmission excited by
high energy electrons in the strong electric field of the metal

semiconductor junction and arrived at the egquation,
B= Bgexp. ( A/f ) emp, ( = YV ) ceee (5.15)

Where B, is a constant independent of units in which B is
expressed, A is a parameter dependant on the technological
conditions under which samples are prepared and temperature, £
is a frequency and « is a parareter dependent on the value of
the critical inte nsity of the electric field céusing ionisation

of the luminescent centre with V as applied voltage.
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S5e2.2 Relation between brightness and applied freguency @

I ont
The EL brightness is found to be a function notkgf the
aprlied voltage but also of the frequency. Various relations
between brightness and frequency given by different workers are

given belowi

Curie ( 29,30 ) has derived an expression on the
assumption that there exists a bimolecular process of recombinations
of electrons with recombination centres, and that the same number

of excited centres are produced per cycle

The expression

' n
B =By _ o < cesess(5.16)

Where ocis the recombination coefficient, Ny, the initial
concentration of free electrons in the conduction band, £ the

frequency of applied field and B, a proportionality constant

Thornton (8) considering the recombination rate as
determined from the electrons released from traps'and contralled
by electric field obtained )

B =nf { 1 - exp. { - A/ Z] cece (5.17)

Where n, is number of excitedxggntres for each half
cycle , assumed to be constant A = c’J'exp { av sin x ) dx with
x =8t is a field dependent factor which increases with
voltage .,
Alfrey and Taylor (28) has given a relaticn
B= B Pexp, ( ~F /4 £f ) exp, (C/¥V ) ovo... (5.18)
Where C is constant V being applied vcltage and P the rate constant

for thermal emptying of traps and is given by

P=Sexp. (-E/K’I‘) Oo'cooo-i..'(s 19)
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Here .S and E represents the frequency factor and trap

depth respectively,

Zalm (31) showed that the light emissicn during each
cycle of the applied voltage is not constant but is dependent

on the frequency of the applied field, He cave a relation

Bolexp ( - constant / ¥V ) cesses (5.20)
Where V =F ( £,t ).'f, being frequency and t 4 the
time. Thus light emitted for a cycle is inversely proporticnal
to £ so that the total licht emitted per unit time is independent

cof frequency which 1is contrary to the observation,

Zalm considen{that the actual voltage across the EL
cell is governed by extra capacitance and resistance present
in the experimental ceil. Thus for a series of capacitor cf
value C and the resistance R of EL cell, the actual voltage

across the cell may be given

R -
WEC Vo / 14+ w? r%c? (5.21)

® Hs 0 o0 000

Where Vo is amplitude of the applied voltage to the

whole system of the capacitor and EL cell.

1f Rc2>1%» ' the voltage across the cell and conceque-
ntly,the luminous emittance 1s independent of frequency, while
with kC<§7%— , the emittance increases more linearly with the
frequency. It is thus possible to describe any frequency dependence
with a suitable distribution in R€ values of the system,

Johnson, Fiper and Willians (22) deduced the brightness

frequency relation by considerdng both excitaticn and
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recombination process. Johnson etal found

Bol 1- a

- -t

“1 - exp. (1 «3 £ Tz ) exp.c_- ik £ ﬁlij

ct..(5.22)
Where a 1s a constant, T1 is the relaxaticn time of the excited
electrons returning tc empty luminescence centres and T, is the

time constant of creation of primary electrons.

Chan and Yu (26) have empirically suggested that the EL
emittance (B) varies with frequency (f) of applied sinusoidal
field as

B = Bs "Bm exp ( ‘.f/fc ) LU ) (5-23)

Where B, By and fc are constants ( By , By ). The eguaticn
indicates that B approches a saturation value Bg when £ fc and

a linear relation between B and £ when f'q;fc .

5.223 ¢ Brightness Waves

The variaticns in the EL brightness with time during the
applied a.c. voltages are called as 'Brichtness Waves . Besides
it is a graphic indication of Phase relaticnship of light component
( applied tc y plates ) and applied voltage ( to x plate ) on a

double beam cathode ray oscilloscope.

The shape of the brightness waves depends on the field
intensity, frequency and the directicn in whicb the light out put
is observed. It is also depends on the nature of activatcrs, and
the spectral characteristics of the detectcr ( PMtube ). The
existance of brightness waves and the fact that its frequency is
twice the frequency of applied voltage were firsg reported by

Destriau (33,24 ) in year 1937,
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In general, a brightness wave exhibits two * Primary °*
peaks during each cycle of the applied voltage. Some phosphors,
however, show additional much smaller or minor peaks refeﬁ?d
as ' secondary ' peaks. The existance of secondary peaks is
related to the electrons, which recombines withiluminescence
centre after a delay resulting from trapping (2.35) o« The
prominance of primary peaks than the secondary peaks at the
applied voltages suggests that in the phosphor deeper trap
levels are less in number .Moreover, absence of secondary peak
suggests that the electron traps are located close to the

luminescence centres { 3,37,24 ).

5.2.4 : Efficiency of electroluminescence :

The lumineous efficiency ( lumen/watt ). of electro-
luminescence of powdered crystal phosphor embeded in an insulating
medium and excited by alternating fields, depends on the quality

of the phosphor, the EL cell design and conditicns of excitation,

Lehmann (38) has given an empirical relation for efficiency
of an EL phosphor namely

= c® (Nt veee. (5.24)

Wwhere C is a constant. According tc this equation
efficiency increases so long as the brightness increases faster
than the fourth power of the applied voltage. The efficiency is
seen tc be approximately independent of frequency of excitation
but depend on the magnitude of the applied voltage,

The simple calculations of luminescence :. . efficiency N ¢
1n'the terms of brightness units ( arbitrary ), as a function of

applied voltage and frequency are possible using Lehmann's (38)

relation, viz
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L 4 (5.25)

Where Ko » @ and b are constants. The values of a and b
are tc be taken from the work of Schwertz et al (39) while KB"

is taken to be unity.

5,3 ¢+ RESULT AND DISCUSSION:

EL studies are carried out in the voltage range from

0 to 900 volts ( r.m.s, ) and frequency range from 500 Hz to 9 KHg.

5.3.1 : The voltage dependence of EL brightness :

The plots between EL brightness ( in arb units ) angd
applied voltages at different frequencies for typical sample are
shown in fig ( 5.1 ). Prom these it suggests that there is no
linear relation between applied voltage and EL brightness, It is
also ohserved that the threshold voltage ( the voltage above
which EL brightness start ) decreases with increase in frequency
and it veries between ( 370 V r.m,s, and 615 V rms ) Table(5.1)
However the variation of threshold vocltage with activator

excepl

concentration is not symmetric = for the sample in which

Threshold voltage may be higher for sample KDI) & KD4
(cas s Dy).
The nature of possilkle relationship existing between
bpightness and applied voltage is examined by plotting.
(1) log (:g) v/, |, (41) log( 5 )ys 1/4v, (1ii) log B Vs V
{iv) logBVs 1/, (v) 1log BVs 1/ Vv It is observed that
none of these plots ( fig. 5.2 - 5,6 ) show a definite linearity,

indicating that the observed brightness voltage dependence is
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not exponential, However the plots between log B and log V

fig. (5.7) show: a linear relation with slight diviation

at higher and vary low voltages, some typical plots log B

Vs log V are shown in fig. (5.8 - 5.11 ) .From these graphs the
plots are closely linear showing ’a'hending towards the voltage
axis at high voltage, This indicates that saturation of brightness
occurs at high voltage, How ever for 1 KH., log B - log V relation
may be holding " good among phosphors studied within the

limitted range of voltage,

Ahat”
The linearity between log B and log V suggesq;ghe bright-~

ness and voltage féllow the power low relation of the form (23)

B-avn

a and n being constant to exist over the cobserved region
of linearity. The relation is similar to equation (5.11) with
Vs = 0 similay, relation is observed by Gour (40) for CastAg
phosphors Lawangar et al (24) for CaS: Bi : PA phosphors, and by
Patil M.G. (41) for Cas:Ag:Dy phosphors. The wvalues of n are
calculated from the slopes of the ( log B - log V ) plots and

are listed in table (5.2).

The bending of plots at high voltages is also observed
by Patil M,G.(41). It might be due to one or more reason amongst
(i) the loss of voltage in conducting electrodes, there by
lowering the field strengﬁh at high voltages (ii) the trap can
not be emptied as fast as they are filled at high frequencies
and give rise a space charge scattering and heﬁce an increase
in relation less transitions at higher fields (111) the distrie-

bution of applied a. ¢. voltage to the microcrystalline powder

form phosphors, How ever second reasoning given above seems to
be more probable,
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5.3.2 Frequency dependence of EIL birightness :

A brightnéss is also found to be a function of frequency
of applied voltage.¥Eypical graphs between log B and log £ are
shown in fig. { 5,12 = 7,17 ) the result obtained can ke
summarised as (i) A low frequency the brightness incresses almost
lenearly (ii) The frequency range over which the linear relation-
~-ship hold depends on the exciting voltage. At higher vcltages
brightness increases more rapidly than at lower voltages.

(114) At moderately higher frequencies the brightness increases
slowly and finally it saturates. ( How_ever the sample KD 21

fig (5.17 ) dq?not behave as described above,brightness decreases

for higher frequencies ).

The above said behavicur can be understcod on the hasis

of the equaticn given by Curie (30) Vviz,
2

n
oK
B = Bo-;O" 000(5026)
To1+ ( ng™ 2£ )

Where o< is the time constant, ng being initial concentra-
tion of free electrons in the conducticn band £ is the frequency

of applied alternating field and B, is properticnality constant.

At lcover frequencies, the life time of the excited centres
is short compared t¢ the peridicity of applied voltage and factor
o« becomes large compared to £, Under these conditicns the equation

(5.26) takes the form B = Bonz f which explainsthe observed

linear hehavior, ,

At moderately hich frequencies the term néil/ 2f becomes
much smaller than unity and equaticn (5.26) reducess to b= Bo n%rﬁc
The expression is independent of frequency and point the saturation

of E.L.brightness.
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5.3.3 Relative efficiency :

Fig. 5.18 (a)depictsthe variation of brightness (B)with
power ( W = V r.m.,s. X device current ) suppliéd to FL cell. It
may be be seen that the brichtness increases with supply of
energy and then saturates, This 1s expected since there is an

increase in radiaticnless transitions at high voltages.

The ratic B/w terms as relative efficiency ( in arb units)
is plotted as functicn of W and it shows that with increase in
energy the efficiency increases, gces through maximum and then

This Fimding i's
decreases fig. 5.18 (b).ksimilar as the findings of Kulkarni,
Ambardekar (42) Bhand {43).

5.3.4 : Brightness waves 3

Fig. (5.19) shows typical brightness wave pattern obtained
by varying either the voltage or the frequency.‘lt may be seen
that the brightness waves exitit) two peaks per cycle of the
applied voltage . According to Waymouth and Bitter {44) the
light-emission from single grain is concentratéd in certain
small spots and these spots emit brightness waves. On this basis
the occurance of brightness waves in the present phosphor can
be interpreted by assuming spots themselves tc be minute
rectifying junctions (8). Thege junctions can be oriented in any
direction. The excitetion will occur in first half cycle and in
other during next half cycle giving two peaks in one cycle.

It may be observed from fig.(5.1%) that the observed peaks are
not of egqual amplitude, This type of asymmetn& was observed by
Zalm et al and by Lawangar et al (24) and they_concluded trat

this lack of symmetry may be due to the emission of light at
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the silde facing to the rathode, The observed anymmetxy“may Alao f;;;
be due tc the self « aksorpticn of light or due te¢ scaé@ring‘ -
of light by inter adjescent layers of powder or by individuél
particles, Thus there seems tc be no sincle reason for the
cbserved asymmetry.

The brightness wavesdo not show the secondary peaks.
This indicates that the electron traps are located close to

luminescent centre,

5.3.5: BEffect of activators on electroluminescence behavior :

It may be seen from the fig. (5.1 - 5.5 ) that for
various samples with ddéfferent concentrations of activators
( Dy:Tb) . The nature of voltage and frequency dependance of
brightness is almost similar. The activators hgve only the effect
of modifying the relative intensipities in unsymmetric way.

5.3.6 ¢t Mechanism of electroluminescence :

To observe. EL emission comparatively high fields are
required for all samples studied the threshold . voltage is
found to be grater than 370 V rms, This requirement of an
intense electric field for EL emission along with the existance
of power low relationship between brightness and voltage suggests
that the probable mechanism of EL in these phosphors is likely
to be the direct field ionisation of either Valence Band electrons
or impurity centres with the transfor of electrons in to the
conduction band takes place by a quantum mechanical tunneling

process (40,45).



190

5.3.7 ¢ Kinetics involved in EL process ¢

In present investigationsthe existance of power law

relationshtp between brightness and voltage indicates the

of .
bimolecular process .r: recombination of electrons with luminescence

centres (23) Moreever, variation of brightness with frequency as
per equdtion ( 5,16 ) given by D.Curie also e%}bits bimolecular

prccess.,
5.43 SUMMARY :-

The important features of this chapter can be summarised
as follows,

1) The EL brightness (B) and voltage V follow power
law relation over a wide range of voltage.

2) At lower frequencies the brightness increases with
frequency almost linearly. At higher freguencies brightness.
saturates,

3) The activatcers ( Dy : Tb ) have no significant effect
on the EL behavior of nhosphors but they modify the relative

intensities only.
4) The probable machanism of EL in these phosphors is

likely to be the direct field ionisation of either velence band
electron or impurity centre. Where the transfer of electron
into conduction band takes place by quantum mechanical tunneling

prccess,

5) Kinetics involved in EL process is likely to be

bimolecular.



191

REFEREMNCE

1) Destriau, G., Phil mag., 38, 700 { 1947 ).

2) Curie, D. " Luminescience in crystals " translated by
G.F.J. Garlick ( Methuen and Co. Ltd, London 1963 ),

3) Destriau, G., J. Chim. Phys,, 33, 587 (1936).
4) Alfrey, G.F. and Taylor, J.B., Proc, Phys. Soc. B68, 775(1955),
5) Schwertz, F.A. and Preund K.E., Phys. Rev.98,1134 (1955).

6) Zalm, P, Diemer G, and Klasens, H.A., Philips Res.Rep.
10 N(3) 205 {1955},

7 Zalm, P, Diemer , G, and Klasens, H.,A. J.Electrochem,
Soc., 104, 130, (1956)

8) Thornton W.,A.m Phys. Pev,, 102, 28 (1956)
9) Antonor - Romanovskii, V.V.ﬁCzechoslov.J.Pﬁys.
10) Trofimov, V.S., Optica-i-Spektrosk., 4 113 (1958)
11)  Lehmann, W.J. Electrochem. Soci., 103 667 (1956)
12) Destriau, G. and Ivey, H.,FP,, Froc. I.R. E., 43 , 1911 (1955).
13) Morehead, Jr. f.f., J. Electrochem. Soci., 107 , 281 (1960)

14) Howard, B.T. Ivey: H.F. and Lehmann, W,, Fhys. Rev,,
96 , 799 (954).

15) Lehmann, W. J. Electrochem., Soci.; 104 45 (19357).
- 16) Taylor, J.B.J.Electrochem, Soci, 45 (1955).
17) Nagy, E., J. Fhys. Radium, 17 733 (1956).

i8) Luyckx, A. and Stokkink, A.J., Brit, J. Appl : Phys.
6 . 557 (1955) .. X
19) Harmann, G.G. and Raybold, K.I., Fhys. Fev, , 104 1498 (1956),
20) Diemer, G. Fhilips kes, Rep. 10 194 (1956).
21) Halsted, R.E. and Kollar, L.R., Fhys. Rev. 23 349 (1954).

22) Zalm, F., Diemer, G. and Klasens, H.A., Philips Res. Rep.
Suppl. 4 539 (1955).



23)

24)

25)

26)
27)
28)

29)
30)

31)
32)

33)
34)
35)
36)

37
38)
39)

40)

41)

192

Gour, S.M, and Fanade, J.U,, Indian o, Pure Appl. Phys,
8 ., 294 (1970),

Lawangar, R,D., Fawar, S.H.and Narlikar A.V., Mat. Res.
Bull. 12, 341, (1977).

Vlasenka, N.A., and Popkov, I.A. Optics and Spectrosc.,
8, 39 (1960).

Chan, W.0, and Yu, R. M-, J. Lumi, 8 , 233 (1974).
Porada, Z,, J. Lumi, 21 129 (1980),

Alfrey, G.F. a2nd Tayler, J.B, Brit, J. Appl, Fhys., Suppl},
4 , 44 (1955).

Curie, D7 J. Fhys. Radium, 13 , 317 (1952).

Curie, D,, " Progress in semiconductors " { Pergamon press.,
oxford, ), 2, 251 (1957).

Zalm, P,Philips Fes, Ren, , 11 353 (1956), Ibid, 11 417 (1956)

Johnson, P,D., Piper, W,W, and Willians, F.E,, Meeting,
Flectrochem, Soc. Gincinnati (1955).

Destriau, G.J, Chem, Phys., 34, 462 (1937).
Destriau, G.J. Trans. Faraday Soc, , 35, 227 (1939).
Hoake, C.H., J Apnli. Phys. , 28, 117 (1957).

Henisch, H.K." Electroluminescence " { Pergamon Press,
New York ) 230 (1962).

Jambegi, N.M., Ph.D. Thesis. Shivaji University Kolhapur(976)
Lehmann, W., Illum., Eng., 51 , 684 (1956).

Schwertz, FP.A., Mazenlco, J.J. and Michalik, E.R. Phys. Rev.
38 , 1133 (195%5).

Gour. V.N., Ph.D, Thesis, University of Saugar, Saugar (1970)-

Patil M.G., Ph.D. Thesis, Shivaji University, Kolhapur,(1981).



42)

43)
44)
45)

193

Kulkarni, V.S., and Ambardekar, D.S.Indian J. pure
Appli. Phys, , 12, 800 (1974).

Bhand, M.L, , Ph.,D. Thesis, Shivaji University, Kolhapur (1977)
Waymouth J.F., and Bitter , F., Phys. Fev, 95 , 941 (1954).

Piper, W.W. , Willians, F,E,, Phys., Rev., 28, 1803, (19550

- I, I e I o I o I, o



194

VALUES OF THRESHOID VOLTAGES FOR DIFERENT
SAMPLES AT DIFFERENT FREQUENCIES ( at 300%k )
Frequency in H,
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