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ABSTTìACT

Electroluninescence in anthracene single crystals has been systcma-

t'ical1y studied, using a sodium electrode as the electron-injecting contact

and a si1ùer electrode as the hole-injecting contact, under time varying

electric fields at various temperatures. The results show that the

electroluminescent brightness decreases monotonically with increasing

frequency for the frequency range from 20 Hz to l0 KIz and over the

terlperature range from -20oc to 40"C. At 10 KHz the electrolurninescent

brightness is almost undetectable and one-half the period of this frequency

has been taken as the time required for the injected carriers to meet

each other to produce electroluminescence. In general the brightness

increases with increasing teÍperature, reaches a peak at a critical tem-

Perature' and then decreases with increasing temperature. This critical
temperature is about 20"C for a.c. fields and about 40oC for half-wave

rectified a.c. fields, and this phenomenon is attributed to a smaller

space charge created by the a.c. than by the d.c. fields. There is a

delay tine between the application of the fields and the appearance of
electroluminescence, and this delay tine decreases with incroasing fre-
quency and saturates at a value which is associated with the transit time

of thc electrons across the sample. The large dclay tjme at low frequcncies

is associatcd with the time taken for an electron space charge to builcl

up near the anode to enhance holc injcction from the anode.
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CHAPTER I

INTRODUCTION

Eiectrotuminescence is produced in the bulk of a crystal by the

recombination of electrons and holes injected into the crystal from inject-
ing electrodes " In organic semiconductors the recombination of electrons

and holes leads to the formation of triplet and singlet excitons. It is

the radiative decay of singlet excitons which produces electroluminescence.

Anthracene has become a model material upon which a great deal of the work

in organic semiconductors has been done. Electroluminescence in anthracene

using a pair of double injecting electrodes has been observed by many

investigators L74,18, 30]. A great deal of study has gone into the

properties of d.c. electroluminescence. Very little work, however, has

been done on the properties of electroluminescence resulting frorn time

varying voltages. It is the purpose of this investigation to determine

the frequency and temperature dependence of the electroluminescence. Also,

the phase relationship between the electroluminescence and the applied volt-
age will be investigated.

In chapters II, rrr, and IV a review will be presented on the pro-

perties of the excitons in anthracene, the processes involved in electro-

luninescences and the properties of d.c. electroluninescence. Chapter V

will describe the experimental procedures involved in this investigation

and Chapter VI will present and discuss the results obtained. The conclu-

sions witl be given in Chapter VII.



CHAPTER II
EXCITONS IN ANTIIRACENE

The study of excitons in anthrancene crystals began in 1963 with

the discovery that red light from a ruby laser cangenerate detectable con-

centrations of triplet excitons (mobile neutral electronic excited state

of a crystal with spin of 1) in spite of the low probability for this

transition [20]. Experimental and theoretical studies of the exciton have

subsequently become an active area of research in the field of organic

seniconductors. Anthracene has become a model system for these materials

upon which a great deal of research has been conåucted.

In organic crystals, such as anthracene,'weak Van der Waals att¡ac-

tions bind the molecules together. The intermolecular interactions can

thus be regarded as a weak perturbation to a non-interacting array of

molecules. The electronic energy levels in the crystal are in fact inden-

tifiable with the molecular states. Figure (2.I) shows the electronic

energy leve1s, for the isolated anthracene molecule, from which the exciton

bands arise.

In studying the dynamic properties of excitons we need only to

consider the lowest singlet and triplet exciton bands since any higher

exciton state which is populated, rapidly undergoes a radiationless decay

to the lowest state.

A most interesting property of triplet exictons is the mutual

annihilation of pairs of triplets resulting in the procluction of a singlet.

The lifetinle of singlct excitons in anthracene has bcen reportecl to be

approxirnately 10-8r". [39, 48]. The characteristic bluc flourescelìce

resulting frotn tlte decay of directly generated singlets is thus ca1lcd
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Prompt flourescence. The lifetime of the triplet exciton varies from

Less than a millisecond to 25 m sec depending on the purity of the sample

[39, 48]. Thus flourescence resulting from singlets produced by the annihi-

lation of pairs of triplets is delayed by six orders of magnitude longer

than the promptflourescence. This component is called I'delayed flourescencer"

Thus the irradiation of anthracene crystals by light corresponding to the

triplet absorption region (74,720 cm-1) gives rise to delayed flourescence

(25,000 cm-l)" The triplet exciton concentration is governed by the

equation [3S ]

= G', -ß[r] - vtrlz (2.1)

where Gf is the exciton generation rate (which for optical experiments

is given by sI where o and I are, respectively, the absorption

coefficient and illumination intensity) ß is the unimolecular triplet
decay constant and Y is the triplet-triplet annihilation rate constant.

The singlet exciton concentration ts] is governed by the equation tss l

dlsl _
dt

1')- q, tsl * 7 vlsl'

the flourescence rate constant. For

and undcr steady state conditions,

the delayed florescence is

(2.2)

low exciton conccntrations,
g{91 

= d[T] = o. rhedt dt v'

where 0 is

'([T]2 << ß [T]

intensity of

Ia = o[S] ,þ, (2"3)
1

= zy

The intensity of the delayed flourescence is p¡oportional to the square of

the triplet exciton generation rate, provided that the triplct concentra-

tion is sufficiently low to ensrrre that thc majority of the triplcts clecay

to the ground state by a radiationless nononolecular process. At hig¡cr
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tiipletconcentrations, however, bimolecular decay predominates and the

delayed flourescence intensity becomes directly proportional to the triplet
generation rate.

The flourescence intensity is temperature dependent through the tcmp-

erature dependence offlourescence reabsorption which, for anthracene, is
approximated by the linear relarionship [3S]

R=to7 (r-7 xto-3t) (2.4)

Since ß and Y have been sholn to be essentially temperature independent

by singh et al. [36] , the delayed flourescence should vary with remperature

according to equation (2.4). singh and Lipsett 1371, however, have reporred
that the intensity offlourescence due to triplet-triplet annihilations
exhibits an anamolous temperature dependence involving several distinct
maxima (Figure Z.Z).

To interpret this phenomena Siebrand [S5] has developed a kinetic
model based on the trapping of triplet excitons. At low temperatures the
excitons rnay become trapped and much of the florescence is due to the

annihilation of trapped excitons by free excitons. In general, this would

tend to reduce the bimotecular annihilation and also the flourescence

intensity. However, if the trapped triplet excitons have a long lifetime
as compared to the free excitons then the reverse may occur due to the
fact that the annihilation rate is proportional to the square of the triplet
lifetime. we denotethc concentration of traps of type i and depth ,i
by Ni, the conccntration of traps occupicd by triplet excitons by tTi]
and the lifctine of the trappcd triplcts by ßr-t. The trapping ancl

releasc rates associated with trap i are givcn rcspcctivcry by

bi = Zi (Ni [ri])= Pi - zilril
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9i = 7i N exP (-e./KT)

where Zi is the collision rate between free

i, which depends on the transport properties

N is the number of molecules per unit volume.

with trapping become

excitons and traps of type

of the triplet exciton, and

Equations (2.I) ro (Z.S)

(2 .s)

(2.7)

= cll+IqilTil - (ß*lPi-xzilril * ¿yitTil) trl - ytTl2 = o
1 1-r-

rY. [T, ].l_r
1.

qq+=0.I+P.
dr -i- ^ ilrl - (qi o ßi o Zi trl + yilTl) tTil = Q (2.6)

$=-alsl .lr[r]2*]ftf

where Yi is the annihilation rate constant of free and trapped excitons"

Ttrese equations have been solved by siebrand [ss], for low revels of
excitation, with the assumptions that

(1) direct absorption by the traps, that is direct trapped

exciton generation, is not inportant (oi = 0),

(2) the traps are not saturated (Zi tTl tTil = 0),

(3) all bimolecular triplet terms are negligible compared to

the unimolecular term, that is, a negrigible fraction of
the free or trapped triplet excitons decay by triplet-
tripret annihilations (y[T]2and yi tTl tTil are smarl), and

(4) The collision cross-scction of all trapped triplet excitons

are equal.

With the above assumptions eqtration (Z.S) bccomes

I= z\Ir #)B (2. 8)



where

l=
(1+xAr)

I
----_.-?(1*lpiAi)'

I'

(2.e)

(2. t0)

(2 " 11)

(2 "12)

ß.
pi=Ë

Extrema in the IF(T) curve

$|= o

IxA. 11.1
1

OT

. 
T 

oro, - 2eí (1

occur whenever

Aj)l = Q+I
i

,dA,r
where Ai = æt . A. goes to zero in two limiting situations: at

relatively high temperatures rvhere ei tt pi and the traps are ineffective
and at relatively low temperatures where gi .. ßi and the trapped

exciton decays before it can escape. If the traps are a set of energeti-

cally well separated discrete levels ure can expect temperature regions

where all A.' are zero to alternate wÍth regions where all but one A. 
t

t-r
are zero. For a range of f inite o, 

o 
equation (2.r2) denlancls that

oj-2pi(t+XAr)=s1 + X o.
1'J

I(1 o I gi Ai)
J'J-.------__-.-î

2+A.+2f,4.t iJ

or

oi= (2.13)



where the prime on the summation

Combining equations (Z.IS) and (2

indicates the term

.9) we have

j=i is omitted

rl1. = Íapiz

All traps with j >

filled and rherefore A¡<i l

trapping 1evel is operative

enpty so that Ajri = 0, All traps with j<i are

pi/B:. For the special case where only oneJJ
equations (2.I3) and (2,I4) reduce to

(1 +D
j

i are

Aj)l-l (2.r4)

(2.1s)

(2 "16)

t=(z*Ar)1
Bextr = [4gr (1 -pr)]-l = g2/4ït (ß - ßt)

since Al t 0 h/e can conclude from equarion (2.1s) rhat ß, . å ß. It
follows that for the case of a single trapping level B has a maxinum if
the lifetime of the trapped triplet exciton is more than twice the life-
time of the free exciton. Similar arguments apply to the more general case

described by equations (2.13) and (2"I4). The two limiting conditions for
¡

Ai = Q result in tv/o minima tvhenever equation (2.I4) gives rise to a rnax-

imum. From equation (2"I4) it is also seen that the relative heights of
the maxima should be an increasing function of temperature unless the

triplet lifetime is longer for the shallower tïaps" This is bccausc of the

rnonotonic decrease of XA., with temperature.jr
Siebrandrs analysis conplctely describes evcry cliscrete trap with

three parameterr .i, Ni and ßi which can be obtained from thc IF[T]

curve by means of cquations (2.r2) to (2.14). Ivith the propcr choice of
parametcrs Siebrand [35] has bcen able to approxinately reproduce the

experimental ïesults of Singh and Lipsett using a three discrete trap
nodel (the solid curve of Figure 2.2). Siebrancl has obtaincd a better

agrecment by assurtting a diffuse trap distribution for the high tenrpcrature
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trap. This result is shown in the <lot-dash line in Figure 2.2. The

discrepancy that remains could inclicate that there are more than thrce
discrete (distributed) traps.

In his theory siebrand assumed that aIl triplet-triplet annihilations
contributed to the formation offlourescing singlet states. If alI triplet
spin states occur with equal probability, however, no more than one

collision in nine can lead to a singlet. Goode and Lipsett [r1] have

therefore repraced that total annihilation rates ^( and y: by radiative
annihilation rates fy and ftyí , where fy is the conponent of the free
triplet annihilation rate y and t'yi is the cornponent of the free-trapped

annihilation rate YÍ that lead to the formation of florescing states.
since the collision rate restricts the magnitude of the annihilation rate,
wehavethat Z. >l¡ )ftv whoro 7 >n€rr¡_ _rtyí ìf'yi where Zr¡Qf'yr.

Goode and Lipsett [1i] have studied the relationship between delayed

florescence and excitation intensi ty at low temperature and have found

deviations from the square law at comparatively lorv excitation intensities.
To account for the deviations from the sqlrare law Goode and Lipsett have

extended the theory of siebrand to include the saturation of triplet traps
(the term zi[T][Ti]) as wel1 as the depopulation of free and trapped

tripletsby binrolecular annihilation (the terms y. [T] [rrJ and ytT]2).
The expression obtained givcs a reasonable agreement with the expcrimcntal
results.

At room tcmpcraturc the triplct traps arc not effcctivc and the
square law deviation is duc to frec exciton annihilation only. Thus, for
small cxciton conccntrations thc dcviatio¡r is negligibie as expected.
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Figure 2.3 gives a detailed description of the exciton transitions

possible in organic crystals. The solid lines represent radiative transi-
tions and the dashed Iines represent non-radiative transitions. It is

assumed that the singlet and triplet excitons have generation rates of
GS and Gt respectively. The singlet and triplet excitons have the rate

constants o1 and ßI, respectively, for the radiative transitions to the

growrd state with the emission of photons. The rate constants for the

non-radiative transitions with the emission of phonons is given by oz

and 92" Singlet and triplet excitons may relax into traps at a level

tt lower in energy with the rate constants oi and ßi respectively.

Trapped excitons may be thermally detrapped and then decay radiatively
with the rate constant oil and ßi, and non-radiatively with the rate

constants oiz and ßiz for the singlet and triplet excitons, ïespectively.

The effective rate constant for triplet-triplet annihilation is given by

Y and that for triplet-trapped triplet annihilation is given by yi. The

rate constant for the production of singlet excitons from the triplet-
triplet annihilation (triplet-triplet annihilation may lead to a higher

energy triplet) is given by fy and from triplet-trapped triplet annihil-
ation by ttYi Tre singlet exciton (S) may also make a transition to

the triplet state (Tt) via a higher energy triptet state (Tz). This is

referred to as intersystem crossing. Adolf et al. tl] have shown that this

process is neglegible compared to the radiative decay of singlet excitons.

Siebrand et 41., in thcir analysis of the temperature depcndence of the

delayed flourcsccnce in anthraccnc, have also assumcd that the non-

radiative dccay mechanism of singlct and triplet excitons, as well as the

prescence ofsinglct tTaps, can be ignored.
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CHAPTER III

ELECTROLTJMINESCENCE

Electroluminescence is produced in the bulk of a crystal by direct
recombination of electrons and holes injected into the crystal from inject-
ing electrodes. Electron-hole recombination may lead to both radíative
and non-radiative transitions. rt is generally accepted t14] that the

recombination of injected holes and electrons in organic semiconductors

will yield singlet and triplet excitons and the electroluminescence is
produced by the radiative decay of the singlet excitons. The quantum

yield of electroluminescencq will depend on the probability of radiative
and non-radiative transitions and on the efficiency of producing the
radiative exciton. rn this chapter we will discuss the mechanisms of
electroluminescence and also the dominant non-radiative transitions of
the exciton.

3.1 Electron-hole Recombination

Electron-ho1e recombination

and hole must come close enough to

coulomb field. This can occur in a

[ 16]

involves two steps. First the electron

one another to be trapped by the otherrs

radius around the carriers given by

_ 2e2
'kT - sekT (s.t)

A carrier within this sphere nust loose sufficient ene"gy through

scattering to bccone trapped. For this to occur the nean free path of
the carrier must be small compared to the raclius ,kr the coulomb

ocapture raclit¡s. For anthracene e = 3.14 eo and ,kT = 120 Ã at roon

temperature. The mean free path of tlle carriers in anthracene is only
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a few latticeparameters [14, 26l, Thus the rate determining process for
electron-hole recombination is the diffusion of oppositely charged particles
totvard each other. This satisfies the conditions for which Langevinrs

theory of carrier recombination applies 1"261. The relative drift velocity
of a positive and negative charge when they are a distance T apart is

'vd=(u*ou_)+ 
G.z)er

where u+ and u- are the drift mobilities of the positive and negative

charges respectively. The recombination rate will be the flow rate of
positive charges into a sphere of radius r around a negative charge.

Thus, the recombination rate is

.2K = 4rr- e VO = 4nq (U* n U_)

If we take U* * !- = 2 c^2 V-l ,".-1
L.2 x 10-6 cm2 v-l ,".-1. This compares

determined values [38].

The recombination of electrons and holes in organic semiconductors

will yield singlet and triplet excitons. It is generally assumed that
(1) the rates of production of singlet and triplet excitons is

proportional to the nultiplicities of the state, that is three times as

nany triplets as singlets are generated, and

(2) the annihilation of a pair of triplets can produce either an

electronically or vibronically excited triplet exciton or a singlet exciton.
since three tines as many pairs of excitons have total spin one than have

a total spin of zero, this suggests that triplet-triplet annihilations rvill
produce three tines morc triplets than singlet excitons. The kinetics of
the above model can be describcd by

(3. 3)

the recombination rate will be

very well with experimentally



4(e+h)-+ 1S + 3T

*8T -+15+37

since any excited triplet state decays back to the lowest triplet state

in a time much shorter than the lifetime of the latter, reaction (3.s)

becomes

5T -+ 1S

Combining equations (3.4) and (3.6) gives

15

(3.4)

(3.s)

(3. 6)

20(e+h)*5Sdir+15T*5Sdiroisir,d G.7)

where e and h represent the electron and hole and s and T the

singlet and triplet excitons respectively.

3.2 Exc:.tcn-Carrier Interactions

Quenching of delayed flourescence by injected carriers is observed

when either nonomoledulor or binoleculor exciton processes are the

dominant exciton-decay mechanism. l\iith sma11 triplet exciton densities,
injected carriers reduce the triplet lifetime a¡d hence the delayed floure-
scence intensity 142, 43,13]. Figure 3.1 shols the variation of the

triplet exciton lifetime rvith injected free carrier densities as obtained

by Wakayama and l{i11ians t43]. If the carriers are not trapped then the

triplet lifetime 'r will obey the relation

I - I = kn (g.8)tto

-r 3 Vwnere n = Z ato 
uF 

is the carrier density, ro is the triplet lifetime
in the absence of any injected carriers and k is the exciton-carrier
Ínteractio¡ì rate constant. lvhen the triplet clensity is large, howevcr,
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this reduction in triplet lifetime becomes ineffective. The delayed

flourescence intensity does, however, decrease in the presence of injected
carriers. lrlakayana and williams [43] have shown that the interaction of
charge carriers with the singlet exciton produced by triplet-triplet
annihilation cannot satisfactorily explain this drop in flourescence

intensity' Thus in the case of high triplet concentrations the rnost signi-
ficant effect of the presence of charge carriers is not on either the tri-
plet or singlet exciton, but rather on some internediate state.

The formation of a triplet pair state during the triplet annihilation
process has been suggested by several studies t40]. wakayama and lvilliams
have developed the following kinetic model which uses this pair state to
account for the flourescence quenching. K(N) represents the interaction
rate constant between the carriers and the pair states.

Kt

T + T <-+ lm,)
K-t

Kzs

--> s
Kzr

->- T_> 25
K(N) O

0)o+0N.o

K-
J

->s

The triplet pair state lTÞ consists of trvo triplet excitons which are

close enough to interact. K(N) can be expressed in terms of the inter-
action cross section, o, betleen the carrier and the interrnediate state,
their thernal velocities u and v respectively and the ratio of free to
totai carrier density, 0. [431

u)v

u(v

(3"e)

K(N)=vN.(1 -0)o+0N.o
2

(u+\
JU-

2
(v.ä)=vN fl -t'

de¡rending on crystal purity.0 varies fron I to l0-4

(3 
" 10)
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$Iakayama and williams have been able to account for the observed

flourescence quenching using the pair state nodel.

The fact that quenching of delayed flourescence

is observed indicates that exciton carrier interactions
quantLrn efficiency of electroluminescence.

by injecting carriers

will affect the

3"3 Exciton-surface Interactions

The interaction of excitons with a cïystal surface may result in
the quenching of the exciton. The quenching mechanism at the boundary

between an organic semiconductor and an electrode consists of either a

charge transfer or an energy transfer process. An exciton can transfer an

electron to a trapping centre at the surface producing a free hole in the
semiconductor or an exciton can transfer its energy to the acceptor mole-

cules present at the surface

Williarns, Adolf and Schneider [4s,'l have measured the monomolecular

decay constant, ß, as a function of crystal thickness. After excitation
by a heliun-neon laser the exciton lifetine (g'1) was determined from the

relationship I, a exp ,þ, where .r is the triplet lifetime. The

crystal thickness was found to have a large effect on the triplet lifetime"
Figure 3.2 shorvs the result as obtained by rvilrians et al.

The concentration of triplet excitons in a thick crystal may be

described by

- ßtrl * ylrl2 (3.11)

where as before ß is the unimorecular trípret decay constant and y is
thc bimolecular triplet decay constarìt. If the decrease in triplet lifetime
experinentally observecl is duc to cliffr"rsion of excitons to the surface followed

d l-Tl
--¡<t- =dt
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by surface quenching then equation (J.11) becomes

qp= - ßrrr - y[r]Z * D+]t
where D is the diffusion constant in the x direction. Assuming complete
surface quenching (that is [T (x = 0, L)] = 0), weak excitation and a
uniformi¡i_tial triplet density ([T (t = 0, x)] = constant), the solution of
equation (3.12) was shown by Kepler a¡d switenelick lzll to be

lr (x, t)l = * frl" ni fr, exp {-¡g . Cr.:}2"201t} sin +*
(3.13)

where L is the crystal thickness and ßr the reciprocal of the actual
lifetime. For time large enough

(3. 12)

(3.14)

(3.1s)

where

trl = f trlo u*p (-ß,t1 sin (þ

ß'=ß+ +
L¿

since the k=o term dominates. The reciprocal lifetime has been plotted
as a function of + in Figure (3.2). It should be nored that theL.
diffusion constant of the triplet exciton can be obtained from the slope of
the curve. It shoutd also be noted that a change in triplet lifetine from

the bulk value first becomes apparent rvith a crystal thickness of 750-1000u"

For crystals thicker than this surface quenching of triplet excitons can

be ignored.
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CHAPTER IV

ELECTROLUMINESCENCE IN ANTÍIRACENE CRYSTALS

Electroluminescence in anthrance crystals using a pair of double

injection electrodes has in recent years becone a well known phenomenon.

The fact that different materials used for electrodes result in different
threshold voltage for the appeàrance of electroluminescence indicates that
each such material in contact with the crystal surface will form a

different potential barrier for carrier injection. This also implies

that there are no perfect ohmic contacts.

The interface between an electrode and a crystal surface is never

uniform. Thus there must exist microregions at rvhich the potential barrier
has a profile more favourable to carrier injection than that at other regions

of the interface" The cument density passing through a crystal is there-
fore filamentary and not uniform as has often been assumed. The

filanents formed in such materials as si and GrA' have been

Barnett et at. 16l .

Hwang and Kao [19] have developed a theoretical model for filamentary
injectiòn and have used it to investigate somc aspects of the electrolum-

inescence in anthracene crystals.

The following assunptions are madc in the analysis of filanrcntary

double injection.

(1) At voltagcsabove thc tllrcshold voltagc rnore t¡an onc filament

nay be formcd bctwccn thc elcctroclcs. llolever, for simlllicity, it is
assunlcd that onlyonefilanent is forrnccl which is locatcd along the z-axis

of a cylindrjcal co-ordinatc systcnì. The effectivc radius of t¡e filanrent

is rd.

current

observed by
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(2) In the filament the longitudinal component of the diffusion

current can be ignored because of the large longitudinal electric field
and the radial component of the drift current can be ignored because of

the small radial field.

(3) The free electron and hole densities follow the Maxwell-

Boltzrnann statistics, while the trapped electron and hole densities

follow the Fermi-Dirac statistics.

(4) The nobility of the free electrons, Ìln, and that of the

free holes u are not affected by the presence of traps and the electric'p
field "

(5) The hole injecting contact is at z=0 and the electron injecting

contact is at z=ù the sample thickness being d

(6) The recombination rate R consists of a longitudinal component

R" and a radial conponent Rr.

The behaviour of double injection in a crystal is governed by the

current florv equations.

J =J +Jnnznl

^ dn"^
= Qunnf E iz + qDn (ã":)i,

J =J +Jppzpr

dn_
= QupPf a î, - qDo (#)î,

J=J +J =J +Jnpzt

(4.1)

(4.2)

(4.3)
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the continuity equations

un(þ"rE--up (L) prE=R, (4 "4)

on 
d- .- ot' D dP^T¿F.^fr)=t#('+)=R, (4.s)

and the Poisson equation

V"E=3tor*p. nr-n.J (4.6)

where tf and P¡ are the densities of free electrons and holes and pt
and tt are the densities of trapped electrons and holes. J, Jn and Jn are

the totaI, the electron and the hole current densities, respectively; E is
the applied electric field; e is the permittivity of the crystal; and

D- and D- are the diffusion coefficients for the electrons and holes.np
In the case of traps confined to a single discrete energy level the

current densi_ty is given by

l r(r) = J ro [r * (å xo J ,o)"rf-2

where À is a constant depending on the physical properties of thea t -----

crystal, and

Jro=åt u"r, 5

(4.7)

(4.8)

which is thc nornal result for space charge limited cuïrents with the

effectivc carrier nobility Ueff.

In the case of traps distributccl exponcntially within the forbi<lden

energy gap the currcnt density is given by

Jz(r) = Jro Wb (4 .e)
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where

and

W.=
b

exp t- ¡lo.troL)LrJ

[r * (#) ,'!r^?t'u"')L ,] ,#u,

for 9.=2

for 7<9.<2

and 9"<2

,o = qL-r uårr (#F)s.l (fiT)u vl*1
P.T

(4.10)

(4 " 11)

(4 "12)

Ïn the case that more than one filament exists the total cuï'Tent is simply

the swn of the currents in each filament.

In molecular crystals the electron and hole nobilities are srnall and

the recomblnation rate constant is large. Thus, there is a small space

charge overlap and the simultaneous injection of electrons and holes will
produce tulo space charge limited currents within the filament. Electro-

luminescence occurs when the two charge fronts meet and recombine radia-

tively.

The electroluminescence brightness is governcd by the external

quantum efficiency given by [19]

lq = li ng n" = lirrt [u

where ni is the carrier injection cfficicncy rvhich is the ratio of the

minority carrier currcnt to thc total cumcnt and ng is the light gencr-

ation efficicncy. lint is the intcrnal ql¡anturn cfficicncy which is a

function of thc total currerìt clensity and tern¡lerature. ne is the light
extraction cfficicncy which is dcfined as the ratio of the light trans-

nittcd powcr to thc l)ot{cr lo-st in thc bulk and ¿rt thc surface. This qua¡-

tity can bc consitlerecl collsta¡rt for irny givcn sarnplc.
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The electroluminescence in molecular solids results from the

recombination of injected electrons and holes to yield singlet and triplet
excitons' The singlet excitons producing florescence are generated either
by direct electron-ho1e generation or indirectly by the triplet-triplet
annihilation as described earlier.

The electroluminescent intensity will depend on the efficiency of
generating the sdi, and sirrd and consequently their popuration in the
crystal ' The number of singlet excitons generated directly per unit volune
per unit time is given by [1a, 19]

e^J- (r)
t->Lu --soÀ 's

where À, is the diffusion length of the singlet exciton and

fraction of the electron-hole pairs that produce direct singlet
(approximately à for anrhracene [1a]). Hwang and Kao [i9] have

the brightness of the prompt electroluminescences is given by

(4 " 13)

gs is the

excitons

shown that

(4 .14)B = brl

where bl is a constant and

The numbcr of triplet

time is given by [ta, 19]

I is the total current.

excitons generated per unit volurne per unit

g-J- (r)
t1 _tLu--.tsr qÀT

where À, is the diffusion rength of the tripret.exciton and gT

fraction of erectron-hore pairs that procluce triplct excitons after
bination (approxinratcly f; ro" anthracenc). In the low injectio¡r or
current case it has been shown that the clelayecl elcctrol¡mincscence

brightncss is given by

(4 " 1s)

is the

TCCOm-

low
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where bs is a constant. In the high injection or high current case

B = b3 f"orr'(r) dr

Jo

Br = brr + b3 
I"oo 

,", (r) dr

(4.16)

(4 "17)
B=b-I

5

where b- is a constant.
5

In the steady state the brightness of the electroluminescence is
the sum of the prompt and delayed electroluminescence. In the low current

case we then have

(4. l8)

In the high current case we have

BT=bll*brl (4 " 1e)

For the high current case the brightness is proportional to current whereas

for the low current case if b¡ r bt then the brightness becomes propor_

tionat to 12. Figure (4.1) shows that these theoretical results by Hwang

and Kao agree rvell with experinental results obtained from several sources.

using equations (4.7), (4.9), (4.18)and(¿.rs) the voltage depcndence

of thc el,ectroluminscence brightness can be obtaincd. using properly

chosen paranetcrs Flwang et al. have been ablc to obtain good agrccnetìt

with experinrents [19]. Their results arc shown in Figure (4.2).

The tempcratul'e dcpendcncc of the clectroluminosccnt intcnsity as

obtaincd by tlwang er at" [18, 19] is shown in Figure (4.s). This phcno-

nìcna may ìre explainecl in tcrms of exciton carrier intcractions [13, 40,41]
and the temperaturc dependence of the current. As thc tenìperature is
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I also increase thus giving a larger carrier

the current increases, howcver, there is a

the interaction of excitons with charge carriers.

competing processes results in the observed peak.



30

CHAPTER V

EXPERIMENTAL PROCEDURES

5"1 S-ample Preparation

The anthracene crystals used were supplied by the Harshaw Chemical

company. The bulk anthracene was cleaved along the a-b plane producing

crystals two or three mm in thickness. rt was not possible to obtain
crystals of less thickness through cleavage without breaking the sample.

The sample was then reduced to the desired thickness by initially cutting
off very thin layers using a very sharp knife. In order not to damage

the sample by overheating or introducing lattice,dislocations the sample

was, reduced to its final thickness by polishing .very slowly on lens paper

covered with pure benzene. The thickness of the sanples used was approx-

inately '4 rnm. A snall glass ring of 5 mm diameter and approximately 4 mm

length was epoxied to the crystal surface. To ensure that the glass ring
was clean it had been washed in water, dried and boired in benzene. A

silver wire electrode tvas also boiled and attached to the glass ring in
contact rvith the crystal surface"

5.2 Electrbcle preparation

In many experiments such as electroluninescence and studies of
conductionprocesses the t)?e of electrode usecl is of great irnportance,

often deternining whether the experirnent can be performed. The most

important characteristic of an electrocle is usually, the ntrnber ancl type
of carrier it is capable of injecting into the crystal uncler the experi-
mental conditions. The nost intportant factor cletermining the characteristics
of the electrode is the clifference betrveen the fernli level of the electrode
naterial ancl the conclucting states in the crystal. An often used rncthod
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of determining this barrier height is photoenission. The dependence of
the photocurrent on the incident photon energy is measurecl. rvhen the
photon energy is equal to the barrier height a large incease in photocurrent
is observed. Figure 5.1 shows the barrier height for emission of holes

and electrons frorn various metals into anthracene.

Metal õ+-.B ó-.B

Ag

A1

Au

Ca

Ce

Mg

Na

Pb

Pt

L.20
l.
I .86

T "L7

2.20

L.97

1 .80

0. B9

7.07

L.52

1 .75

1.00

r.92

Figure 5.1 Barrier Height for photoemission

silvcr has a barrier of 1.20 ev for the emission of holes into the valence
ba¡rd of anthracene. sodium has a barrier of 1.0 ev for the ernission of
electrons into the first concluction bancl of anthracene. It,e have chosen

thesc netals for our electrocles.

If an alkali nretal is cleposited on an

rvith thc anthracene surface rvill not be the

anthr.r¡cenirle chargc transfer conqrlex, Si.nce

anthracene crystal the contact

nretal br¡t the blue alkal i-

soclium nretal cannot be evapor-
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ated because of its chemical reactivity we have prepared a solution of the
charge transfer complex. Good injecting contacts were obtained when a
very concentrated solution of sodium and anthracene in tetrahydrofuran
was brought into contact with the crystal. The solvent was slow1y evaporated
until the electrode became solid. Great care nust be taken in producing
these contacts' complete removal of oxygen, water vapour and other materials
which would interact with the solution is necessary. Figure 5.2 shows the
apparatus which was used to prepare the solution. sodiunr netal reacts with
oxygen to produce sodium peroxide (Na, 0r) and reacts vigorously with vrater

to produce sodium hydroxide (Na oH) and hydrogen. lve thus can use sodium

to remove the oxygen and wateï' dissolved in the o"gani. solvent, tetrahy-
drofuran. The procedure for producing the solution rvill now be described.

5.2"1 Purifying the Solvent

(a) Approximately 5 to r0 ml of the solvent is placed

The vessel is attached to the vacuum line by neans of a ground

The solvent is soridified using riquid nitrogen and the valve
evacuate the vessel to 10-5 torr.

in vessel A.

glass joint.

is opened to

(b) Because sodium reacts with oxygen it is normally stored and

handled under benzene. The oxiclizect surface rayer is cut from a smatl
piece of sodium. This is done uncler benzene to protect the new surface.
The sodiu¡or is then quickly transferred to vessel B which is then puprpc<Ì

down to 10-5 torr. In order to supply a large reaction surface the sodium

is heated until it evaporates forming a soclium mirror on the insjcìe wall
of the vessel (with the valve closed).

(c) The vessel is now coolecl with liquid nitrogen ancl the solvent
is distilled from vcsser A to vessel B. vessel A is removecl ¿ncl rinserì
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with pure acetone. After the vessel is allowed to dry process (b) is
repeated with the solvent being distilled back into vessel A.

(d) The solvent is distilled repeatedly under soclium metal until
the solid solvent becomes slightly bluish in colour. This normally requires
four or five distillations. with the first distillation it is noticed
that the sodium mirror,initially silver in colourrbecornes quite greyish.
This is the result of the formation of sodium hydroxide. After a few

distillations, the sodium mirrors are no ronger affected.

(e) water can be effectively used to remove the reaction products
from a vessel which has been used in a purification cycre. A little caution
is required since the reactíon is quite vigorous. The vessel is then

rinced with pure acetone, allowed to dry and can be used in the next cyc1e.

S"Z.Z Producing the Solution

(a) Anthracene powder or small pieces of bulk anthracene with
freshly cleaved surfaces is introduced into vessel c. A snall piece of
sodium is then inserted and the vessel is evacuated to 10-5 torr. The

sodiun is heated to form a sodium mirror and the purified solvent is dis-
tilled into vessel c" The contents of the vessel are heated to form a
concentrated solution of sodium and anthracene in tetrahydrofuran. T¡e sol-
ution actually contains sodiun anthacene ion pairs since the sodium has

produced the anthracene negative ion"

5 .2.3

The sealed vessel is transferred to the vacuum systenl as shown in
Figure 5.3. The vacuum system is thoroughly flushed with Argon. Two or
three drops of the solution are dro¡rped ònto the crystal surface inside
the snlall restraining ring. The solvent is arrowecr to slowry evaporate

until the electrode is solid. A protective layer of parafin ürax is ap¡rlied
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Ag wire

wax covering

epoxy, t"tu,

glass ring

anthracene platelet
silver paste electrode

Fig, 5.4 Electrolrnninescent diocle
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as shor"rn in Figure s.3 The sample is then removed fron the vacuum

system and a layer of epoxy is applied to protect the electrode. Figure
5.4 shows the structure of the electroruminescent diode"

5.3 Measurement Technique

Figures s.5 and s.6 show the amplifiers used to obtain a high a.c"
voltage and a high half-v¡ave rectified a.c. voltage respectively. An

audio step-up transformer proved wrsatisfactory for this purpose because

of the restricted bandwidth for which one could obtain the required high
vol tage .

ïn both cases the sample was connected directly
output without a current limiting resistor. The input

to

to

the amplifier

each amplifier
was supplied by a General Radio Company 1310 oscillator. To obtain a

rectified a'c' output from the second amplifier a diode was introduced
into the input circuit. To ensure that the output was uni-directional
a variable voltage supply in series with a resistor was connected across

the output. The voltage could be adjusted to produce the proper d.c.
level' The output coupling capacitor as well as isolating the sample from

the biasing circuit also produce<l a d.c. level shift bet'een the input
and the output (see waveforms in Figure 5.6).

Figure 5.7 shows the measurement circuit used. since the

brightness measured was in arl¡ritary units the position of the sample with
respect to the photomultiplier as well as the photomultiplier voltage
must be kept constant throughout the experiment. The sample was ¡llaced
in an Associated Testing Laboratories Inc. model ELH-2LC-1 environmcntal

chamber in front of a viewing port to which the photomulti¡rler was

connected. The environnlental chanrber, photomultipli.er housing as

well as the con¡recting right passage rvas opaque allowing the
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micro-ammeter

environmental chamber

isolated
200 KCI load

Fig, S ,7 lr,leasurement circuit

nitrogen gas

ampl ifie

signal
generator

nultiplier
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the experiment to be don" ,r,d"r normal lighting. The photomultiplier tube

nust also be thermally isolated from the environmental chamber since any

fluctuation in theí temperature of the photomultiplier results in a change

ín the photomultiplier response to a given light íntensity. The temperature

of the environmental chamber can be raised rvith a heating filament or

decreased with the expansion of compressed carbon dioxide gas. Because the

atmosphere in the environmental chamber cannot be controlled and simply

consists of air, when the temperature was lorr,ered nitrogen gas r{as blown

over the crystal to prevent the condensation of water vapour. The intro-
duction of any foreign material upon the crystal surface could modify the

electroluminescence brightness.

To measure the integïated light output a Hewlett-packard model

4254 DC micro volt-ammeter was used to record the photomultiplier current.

To measure the time dependence of the electroluminescence brightness a

Tektronix type 549 dual beam storage oscilloscope was used. In order to
linit the noise present in the rneasurement only shielded cables and

connections were used.
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CHAPTER VI

EXPERIMENTAL RESULTS AND DISCUSSION

6.1

6.1.1

À.Q. Electroluminescence

Figure 6.1 shows the peak brightness as a function of frequency.

As the frequency increases from 20 Hz to S KHz the brightness decreases

monotonically. The electroluninescence appeared only on the half cycle
in which the silver electrode was positive and the sodium electrode was

negative. The results were obtaíned at a peak to peak voltage of 1600

volts although the results were consistent for .rolt.g", up to 2400 vo1ts.
Even at a voltage of 2400 volts peak to peak no'electroluminescence was

observed during the half cycle in which the sodium electrode was positive
and the silver electrode was negative.

Figure 6.2 shows the integrated light output obtained by measuring

the photomultiplier output with a microammeter. The brightness clecreases

monotonically with increasing frequency in a manner sinrilar to that for
the peak brightness. The totar right output at z0 I{z is approximatery

two order of magnitude less than the electroluminescent brightness measured

with a d.c. voltage of 800 vorts (equat to the peak value of the a.c"
voltage).

6.r.2

The series of photographs in Figure 6.s shorv that there is a delay
time between the timc when the voltage is appliecl ancl the time w¡cn t¡e
electroluminescence appcals. The photographs rvere taken rvith the crystal
tempeÏature :Ìt approximately 40oc. Figure 6.4 sholsthe frequency ¿epenclence

of the delay tinre. The delay tine saturates at app¡.¡inratery 40 ¡sec at

ncy Dependence of the A.C. Electroluminescenre
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Scale: vert.

horz.
Frequency: 20

(a)

voltage 400v/div
brightness .5v/div
10 nsec/div

Hz

Fig.6.3

I

(b)

Scale: vert. voltage 400 v/<liv
brightnoss .S v/div

horz . ,5 rnsec/cliv
Frequency: 500 IIz

Tfune depenclence of a.c. electrolunllnesccnce at variousfrequencies. Theupper trace is the appliecl voltage andthe bottom trace is electroltrninescenc'e' brÍ.ghtness,
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Scale: vert 
"

(c)

voltage 400 v/div
brightness ,1 v/div
50 ¡-rsec. divhorz 

"

Frequency: 5 KIz

Fig. 6.3 Time dependence of a.c" electrolurninescence. The uppertrace is the applied voltage ancr the lo'er trace is the
el ectrolumincscence brightness .



U O v) o = F o

A
pp

lie
d 

vo
lta

ge
:

T
em

pe
ra

tu
re

:
16

00
 v

ol
ts

 p
ea

k 
to

 p
ea

k
40

0c

F
re

qu
en

cy
, 

K
H

z

F
ig

. 
6.

4 
F

re
qu

en
cy

 d
ep

en
de

nc
e 

of
 d

el
ay

 t
im

e 
fo

r 
ap

pe
ar

an
ce

 o
f 

el
ec

tr
ol

um
in

es
ce

nc
e

5 {



48

high frequencies. Figure 6.5 shows the rise and decay of the erectro_
luminescence excited with a g00 volt rectangular pulse. The electro-
lurinescence has a delay time of approximately J0 USec.

An apparent frequency-dependent phase-shift exists between the
peak electroluminescence brightness and the peak applied voltage. At z0 Hz

no phase shift is apparent. As the frequency increases the phase shift
increases. At s kHz the phase shift has become very noticeable.

The leading portion of the electrolurninescence waveform is similar
in shape to that of the applied voltage for alr frequencies. At high
frequencies, however, a significant exponential tail develops on the
trailing edge as shown in Figure 6.3c.

6.1.3

Figure 6'6 shows the temperature dependence of electroluminescent
brightness for temperatures betleen -20oc and 40"c at four fixed frequencies.
The electroluminescent brightness increases with increasing tenperature
up to 20"c' Beyond this temperature the brightness decreases with increasing
ternperature. The tenperature at rvhich the peak occurs is practically
independent of frequency for the range of frequencies used.

6.2 Electroluminescence under a t{alf-rvave Rectified volta

6.2.r

Figure 6.7 shorvs the frequcncy dependence of the peak electro_
luminescence brightness. The brightness clgcreases nonotonically with
increasing frequency in a manner sinilar to the a.c. electroluminescence.
Electroluninescence appearecr only if the apptied voltage was of the proper
polarity' The integratecl light outout, at 20 Hz and at the applie¿ voltage
of 800 volts peak, lvas approximately one orcler of m¿gnitude less than the

Temperature Dependence of the Electroluminescence
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Scale: vert.

horz.

(a) Applied pulse
voltage 400 v/div
brightness .1 V/div
.5 msec/div

(b) Rise of electrolumi¡.rcscence
Scale: vert. voltage 400 v/div

brlghtness .0S v/div
horz. 20 psec/div

Electrolruninesce¡rce rvith pulse excítation.is the applied voltage nnä the bottonì trace
luminescence brightness.

The
is

upper trace
the electro-

ËãËããHãH:HE-'SGËËäffi:

Fis. 6. s
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(c) Decay of electroluminescence

Scale: vert. voltage 400 v/div
brightness .05 v/div
50 psec.div

Electroluminescence with pulse
is the applied voltage and the
luminescence brightness .

excitation. The upper trace
botton trace is the elctro-

horz.

Fig" 6. s
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brightness obtained if a d.c. voltage of g00 volts was appried.

6 "2.2

Tt¡e series of photographs given in Figure 6.g show that as in a.c.
electrolunin"r."nce there is a delay time between the time when the voltage
is applied and the time when the electroruminescence appears. The photo-

graphs were taken with the crystal temperature at approximately 40"c. The

electroluminescence waveform has the same form as that of the voltage at
low frequencies (20 Hz) but at high frequencies ( > 2 kïz) a significant
exponential tail developed on the trailing edge which stretches well into
the tine region in which the applied voltage is zero.

A frequency dependent phase shift again appears between the peak

applied voltage and the peak electroluninescent brightness. The phase

shift increases with increasing frequency. Figure 6.9 shows the frequency

dependence of the turn-on and turn-off threshold voltage at 40oC. The

upper cruve represents the voltàge at which the electroluminescence first
appears; and the lorver curve, the voltage at rvhich the elctrolurninescence

waveform develops an exponential tai1" The curves indicated qualitatively
how the phase shift varies with frequency. At low frequencies the turn-on
and turn-off voltages are equal and the electroluminescence is in phase

with the voltage. ltJhen the frequency is large (s kFIz) the electroluminescence

does not even appear until the positive half-cycle of the voltage is near

its naximun.

6.2.3

Figure 6.10 shows the ternperature dcpenclence of the electrolunincscent
brightness for tentperatures betrvcen 0oc and 40oc. The brightness increases

with increasing tempelature. It is ex¡lected that a peak in the ternperature
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Scale: vert.

horz 
"

Frequency: 20

(a)

voltage 200 v/div
biightness ,1 v/div
10 nsec/div
Hz

Fig. 6. B Tine dependence of electroluminescence under a half-waverectífied voltage at various repetition rates. The uppeïtrace is the applied voltage ancl the botton trace ís the
electrolrmines cence brightness .
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Scale: vert.

horz.

(b)

voltage 200 v/div
brightness .1 v/div
I msecldiv

Repetition rate: 200 Hz

Scale: vert,
(c)

voltage 200 v/div
brightness .02 v/div

horz. 50 psec/div
Repetition rate: 2KHz

Tinre depenclence of electroltrninescence under arectifiecl voltage at various repetitíon rates.
ls the applied voltage and the totto* trace is
escence brightness,

hal f-rvave
The u¡rper trace

the electrolumin-

Fie.6.8
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dependence exists above 40oc. Hwang and Kao [1g] have found a peak ín
the d.c. electroluminescent brightness at approximately 40oC for a crystal
obtained from the same source. rt is expected that under a half-wave

rectified voltage the electroluminescence may behave similarly because

of the unidirectional nature of the field. Measurements could not be rnade

above 40oC because the protective wax layer for the sodiurn electrode would

soften and cause the sodir¡n electrode to be oxidized. It is of interest
to note that the peak in the tenperature dependence of the brightness for
a.c. voltages occurred at a lower temperature (Fig. 6.6.).

6.3 Discussion of Experinental Results ,

In anthracene the hole and electron nobilities are snall and the

carrier recombination rate constant is large lr4, 4gJ. under these

conditions double injection frorn tlo ohnic contacts will produce two space

charge timited currents meeting and annihilating each other somewhere in
the bulk of the crystal, thus causing electrolrrminescence. If the recom-

bination rate, K, is sufficiently large the recombination wil1 occur in
an infinitely thin volume of the crystal. If a voltage step is applied

to the crystal the current transient would have the same shape as that for
a single injection space charge limited current. Figure 6.lla shows the

form of the current transient. The value of K, though large, is finite,
however, and thus some space-charge overlap does occur. The width of the

reconbination zone is given by [aB]

4eU"UnL
l¡l-_" K æ, G"f unJ (6.1)o -'e 'h,

and the tine required for the two space charge limited curÌents to meet

each other after the voltage is ap¡rlied is given by [14]



r =o.7sl tt I-m 
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c6 "2)

where uu and h are the mobilities of the electrons and holes respectively,
L is the crystal thickness, e the permittivity and v is the applied
voltage. The dashed curve in Figure 6.lla shows how the current transient
continues after rr, that is after the space-charge overlap deverops 

"

Figure 6.1lb shows the light transient after iome space charge overlap develops.

The d.c" electroluminescent brightness has been found to be indepen-

dent of the nature of the hole injecting contact if theelectroninjecting
electrode can supply a large electron current t48]. For a pulsed excitation,
however, the current transit time with double injecting electrodes indicates
an effective mobility equal to il" * h. rf the hole injecting contact is
normally a blocking contact (such as silver) the transit time indicates an

effective carrier mobility equal to the electron mobility only [4g, 14,-30].
In the latter case the electrolurninescence would appear only when the elec-
ton space charge front arrives at the anode. Itre have found that the rise
of the slow electroluminescenÒe after the application of a step voltage is
not related to the triplet lifetime for our electrode combination. The

variation with time of the electroluminescent brightness depended on the

current and could last several minutes.

To account for the enhanced hole injection from normally blocking

contacts and the time dependence of the injection Williams and Schadt [48]
have suggested thatthe arriving electron space charge at the anode rvould

nodify the schottky barrier and thus increase the rrtransparencyfr of the

barricr to holes t14]. It is expected that the presence of impuritíes
in the sample woulcl have an effect on the injection mechanism by trapping
the injected carriers ancl lirniting the clegree of barrier nrodification.
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The electroluminescence rise time would thus depend not only on the

voltage but also on the crystal purity.

For low injection for which the space charge effect can be ignored,

the transit time of the carrier can be expressed as

-2
-L'o - W (6"s)

rf a large charge reservoir exists at the cathode (perfect ohmic contact)
the space charge limited transient is sinilar to that shown in Figure 6.11a.
Because of the existence of the space charge the transit time, Tr, is
reduced to [ZS]

t, = 0.786 to (6.4)

where to is space charge free transit tine" The above two cases are

the two extTemes and the acutal transit time could 1ie somewhere between

the two

The above argument is based on a step excitation. If the excitation
is removed after a time equal to or greater than the transit time the tran-
sient prior to this will be unaffected.

6.3. 1

Because of the finite transit time of the electrons across the

sample no light output will be observecl unless one-half the period of the
voltage is greater than the transit time"

(6.5)

where T is the period of the applied voltage. T'he frequency at w¡ich the
electrolrminescence disappear is thus given by

T >T¿-r
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(6. 6)

This result would be appticable only for the sinusoidal excitation since

after each positive half cycle all excess carriers in the sample that have

not recombined must be driven out of the crystal by the negative half
cycle. If the mobility of the electrons is assumed to be independent of the

field and the tine taken for the electron space charge to build up and

nodify the barrier at the hole injecting contact is assumed to be srnall

compared to the transit time, then we can use the value obtained from

Figure 6.5 for the high frequency delay tine (30 usec) as an approximate

value of the electron transit tirne. Thus the upper lirnit for a.c. electro-
luninescence is given by

f , = LZ klHz

for the sample of thickness .4 nrn used for the present investigation. This

agrees fairly well with the experimental results obtained. Electroluminescence

was still detectable at frequencies as high as 10 kHz, although the signal
was very snal1" In the case of a half-wave rectified a.c. excitation the

crystal is not completly emptied of excess carriers after the elapse of
each positive half cyc1e, and consequently the upper limit on the frequency

is higher than fL. rn both cases, however, as the frequency increases

the nunber of electrons that can be injected ancl transported to the anode

decreases. Thus the electroluminescence output per cycle as well as the

peak electroluninescent brightness decreases with frequency. The integrated

light output has also been found to decrease with increasing frequency.

Since the integrated light output woulcl clcpend on both light output per

cycle and the repetition rate, vre can conclucle that the light oup¡t per

cycle decreases at a Tate greater than | . The brightness of the elcctro-
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luninescence for the rectified a.c. excitation is expected to be larger
than the a.c. electroluminescence at any given frequency because of the

excess charge that remains in the crystal during the off time. Thus more

electrons willreach the anode during the positive half-cycIe.

The exponential tail observed in the electroluminescence waveform

nay be caused by the delayed flourescence generated by triplet-triplet
annihilations. The lifetime of the triplet exciton is of the order of
nilli seconds [4s] and thus after the excitation ceases the flourescence

does not cease immediately. It decays with a time constant related to
the triplet lifetime. Thus the exponential tail exists on the electro-
luminescence waveforrn at all frequencies but becomes much more pTonounced

at higher frequencies.

The fact that electroluninescence appeared only on the half cycle

in which the silver electrode rvas positive and the sodium electrode rvas

negative indicates that the sodium electrode is an excellent electron

injecting contact and consequently a very poor hole injector.

6.3.2 Tine Dependcnce of Electrolumincscence

The delay between the tirne at rvhich the voltage is appti.ea and the

time at which the electroluminescence appears depends on both the electron

transit time and the time taken to modify the barrier at the anode. Since

the modification of the barrier depends on the presence of electron space

charge in the vicinity, the time taken to moclify the barrier should be

proportional to the voltage. Ilwang ancl Kao [18] have founcl that the thres-
hold voltage for cl.c. electroluminescence is affected by the on-and-off

time. If the excitation is rcmovccl ancl immecliately srvitchecl on again the

threshold voltage is reduced. If the slitch-off time is incrcased then
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the threshold voltage vrould approach the initial value again. This

suggests that the relaxation of the barríer at the minority carrier
injecting contact takes a finite tíme which may be associated with the

tine it. takes for the excess space charge to relax. A similar effect is
noticed in electroluminescence with time-varying fields. As the repetition
rate increases the barrier for hole injection does not completely re1ax.

It takes less injected charge to induce the hole injection during each

cycle. Figure 6.4 shows the frequency dependence of the delay time for
a.c. electroluninescence. As the frequency increases the delay time

decreases rapidly and saturates at a value which is probably equar to

the electron transit time. The delay time is coirparabte to the actual

transit time measured when a 800 volt rectangular pulse is applied.

(Figure 6.5b)

Ït should be noted that the transit time at high frequencies may be

considered to be approximately equal to the space-charge-free transit time

.o. In the case of low frequencies the space-charge-limited transit tine
nay be more accurate. Thus even for two ohmic contacts one would expect

a frequency-dependent delay time. Since the excitation is not a step exci-

tation both delay timescan be expected to be somewhat larger. Replacing

the applied voltage by an average value we have that, in the high frequency

range

)
L-

ouV (6. 7)

Itle can roughly estimate the electron nobility by assuming that the recombin-

ation occurs near the anode. At 20oC the delay time at high frequencies

(5 ktlz) was 25 Usec. The sanple thickness was .4 nun. This yielcl a

mobility of o.to cn2/v-sec. Thts roughly agrees rvith the accepted value
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.,
of .4 cm'/v-sec. The mobility of the electrons can also be estimated

from the frequency dependence of the electrolurninescent brightness"

It is assumed that the recombination zone is at the anode and the electro-
luminescence disappears when the half cycle time is equal to the transit
time. Therefore, we have

-TLLzro=î=E=- (6.8)"9' uv

The frequency at which the electroruminescence was no longer detectable
was 10 kHz. This gives an electron nobility of ,Og cn2/v_sec.

The apparent phase shift between the electroluminescence and the

applied voltage cannot be separated from the delay time. The phase shift
is a result of the finite delay tine between the peak electroluminescent

brightness and the voltage, rvhich becomes conparable to the period at high

frequencies. For instance at 5 kHz the delay time is 30 usec and the half
cycle time is 100 psec.

6,3,3 Temperature Dependence of Electroruminescence

The temperature dependence of electroluminescence under a half
wave rectified voltage shorved an increasing brightness with increasing

temperature in the temperature range Ooc to 40oc. It was indicated that
a peak was expected at a telnperature larger than 40oC. The temperature

dependence of a.c. electroluminescence, horvever, has a peak at 20oc" The

temperature dependence of d.c. electroluminescence has been explained

in terns of exciton caîrier interactions ancl the detrapping of trapped

carriers [19]. It is expected that the peaks observed for electrolumincscence

under time varying fields are also caused by these two processeso The

fact that the result for the a.c. electrolrunínescence Ìra-s a peak at 20oC

while the rectífied a,c. electroluminescence increases up to 40"C is believecl
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to be due to the larger space charge supplied to the crystal by the

rectified a.c. voltage. It is expected that the change in temperature will
affect the trapped carrier concentratíon rnuch..more than the carrier injec-
tion frorn the electrodes. This increase in free carrier density causes

the increase in brightness at low temperatures. The larger space charge

resulting from the rectified a.c. voltage will dominate the free carriers
produced by the detrapping processes at higher temperatures, than the

space charge produced by the a.c. voltage. The peak in the

brightness-tenperature curve is thus shifted to higher temperatures for
the case of the rectified a.c. voltage. At these temperatures the free
carriers produced by detrapping become comparable in concentration to the

injected carriers. At higher temperatures the brightness decreases with

temperature because the interaction of excitons with carriers becomes the

dominant process.

The probability of detrapping a carrier is given by

E

P=vexpf-u-Êl

where v is the carrier-attempt-escape

the carrier trap. The rate of exciton

K=ZN,

where Nf is the total carrier density

exciton-camier interactions. The peak

ature curve will occur when

frequency and Ea .is the depth

carrier interactions is given by

(6.9)

of

(6. 10)

and Z is the rate constant for

in the electroluminescence-ternper-

E

vexpt-nil= ZNt (6. t 1)
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Thus the peak occurs at a temperature given by

E.
T-P 

en t#i rc.12)
4¡r t

It can be seen that with increasíng carrier density the temperature

t, increases.
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CHAPTER VII

CONCLUSIONS

0n the basis of the present investigation, we can now draw the

fol lowing èonclusions .

(1) The electroluminescence brightness decreases monotonically

with increasing frequency for both a.c. and rectified a.c. voltages.

(2) For the electrodes used (sodiun and silver) electroluminescence

was observed only when the sodium was negative and the silver vras positive
in potential.

(3) The temperature dependence of the electroluminescent bright-
ness has a peak at 2o"c for an applied a.c. voltage and the brightness

decreases on either side of this critical temperature. For the case of
the half-wave rectified voltage the brightness increased with increasing

tenperature in the temperature range OoC to 40"C and is expected to have

a peak at a temperature above 40oC.

(4) There is a time deray between when the positive half cycle

of the voltage begins and lvhen the electroluminescence appears. The time

delay decreases with increasing frequency.

(5) The electroluminescence has the sarne shape as the applied

voltage for low frequencies (20 flz). For high frequencies a significant
exponential tail is observed on the trailing edge (frequencies larger than

2 Ktz).

(6) From the results the electron nobility has been estirnated

to be approximatcly .16 cnz/v-sec as compared to an accepted value of

'4 c^z¡u-t"., The lower value preclicted rnay be due to the assumption that
the time for the build up of space chatge to modlfy the hole-injecting
barrier is neglígibte conparect to the erectron transit tinre.
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(7) ELectroluminescence does not appear until the electron space

charge front arrives at the anode. The electron space charge nodifies
the barrier at the anode and produces enhanced hole injection.
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