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CHAPTER 1

LUMINESCENT PROPERTIES

OF THE II - VI COMPOUNDS

1.1 INTRODUCTION

When an electron is excited to a higher energy state in a solid,
it can return to its original state by emitting the excess energy in
a variety of ways. For example, the energy can be released in the form
of phonons or can be used to promote a photochemical change. The energy
can also be released in the form of photons, in which case the process
is known as luminescence. The term luminescence-is confined to radié—
tion within the visible region and is used to describe the emission of
all radiation ihich is not purely thermal in origin, such as incaﬁdescence.

Electronic excitation can be achieved in a variety of ways.l If
high energy particles are responsible for the emisqion the process is
known as cathodoluminescence or radioluminescence. If the process is.
the result of an applied electric field, either D.C. or A.C., electro-
luminescence is the appropri#te term. Triboluminescenee can occur when
a2 material is eubjected’to mechanical forces such as -scraping or g:in—
ding, énd chemiluminescence and bioluminescence occur as a result of
cerfain chemical reactions. However,vthe process ﬁith which we éhail
" be mainly concerned in this thesis is photoluminésceﬁce. This océurs
when the excitation energy is supplied by means of incident photohsiwhich
can be of various energies ranging from X-rays to infra-red radiafion.

Luminescenée is usually divided into two broad classes. These

are fluorescence and phosphorepcence. .The main distinction is concerned
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wifh the respeétive décay rateé. Fluorescence is usually associated
with decay times of the order of 10_8 séconds and phosphorescence yith
times of several seconds. For intermediate times, hbwever, the diétinc-
tion is not clear cut and ihe temperature variation of the decay times

must be taen into account.

1.2 EDGE EMISSION

Luminescent emission in compound.semiconduptbrs is usually'divided
into two categories, namely edge emission and deep céntre emissidn;.
'mdge. or Ewles Kroger emission (J. Ewles 1938, F. A. Krdger 1940)_is the
term used to describe the luminescent emission associated with transi-
tions with energy very close to that of the bandgap of the materiai;
Normally such emission is quenched in materials to which activator type
impurities have been added to produce deep centre emission (see léter).
"~ Although edge emission can be observed in most II -_VI compounds at 71%K
it is really necessary to make measurements over a range of temperatures
down to liquid helium temperaturés in order to obtain useful infofmation.

Hitherto the most extensive studies of edge emission have been made
on cadmium sulphide. A typical emission spectrum is shown in figuré-1.1,
(C. C. Klick 1953). The emission consists of a series of very nar?ow
bands with widths at.half height of approximately 0:005 eV. The bands
are equally spaced in energy and decrease in intensityAand increase in
width towards longer wavelengths. There are two series of bandé,réne
at high energy and one at slightly lower energy. This latter series
abpéars as the temperature is lowered towards 4-2°K. Pedrotti and
Reynoids (1960) suggested that the most intense peak at 4+2% was asso-
ciated with recombination between an electron bound at = very shallow
donor level, Eg = 0-02 eV, and a hole at a neighbouring acceptor level

some O+14 eV above the valence band. This pair recombination model has
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since been well established and lines resulting frémifhe recombinétion
of-individuai pairé have been observed (Henry et al 1969). More'wili
bé said about thigvassociated pair model later. As the temperaturé‘is
' raised the high energy series begins to appear (figure 1.1a). Tbig'oc-
curs when the donor levels are emptied and the dominant emission results
ffom recombination between free electrons and trapped holes. |

The narrow bands in each series are found to be separated by ener-
gies equal to those of the longitudinal optical phonon (0-038 eV) sﬁ that,
with the exception of the zero order band, each band is associaté& with
phqnon coaoferatipﬂ and the radiative transition is accompanied by'the
release of one or more phonons to the lattice. The bands which are mem-
bers of such a series are known as phonon replicas. Replicas have also
beenlobserved at energy separations corresponding to those of trah;verse
optical phonons. |

With cadmium sulphide there is still no agreement as to the atomic
configuration of the donor centre involved, though sulphur interstitials

are thought to play some part in the process (Kulp and Kelley 1960);

1.3 EXCITON EMISSION.

The emission spectrum shown in figure 1.1b which was measure& at
4-2°K exhibits a further series of very sharp lines which appear.oﬁ4the
higher energy side of the edge emission but just below the bandgap energy.
The series of lines is hydrogen like apd‘is attributed to exciton recom-
bination. An excitén can be considered to be an electron-hole pair,
bound together in a similar manner to components of the hydrogen atom.
The allowed energies of‘free excitons can be represented by a set of
levels with a series limit which coincides with the bottom of the coﬁ—

duction band (figure 1.2). The emission energies are given by

|
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where H is the reduced mass of an exciton, K is the dielectric constant -
of the material, R is the Rydberg constant, m is the free electron mass.
and hVg = E, the bandgap of the material. -

If the ﬁalence band of the material is split, as it is for example
with the hexagonal II - VI compounds such as cadmium sulphide and cﬁd-
mium selenide, several series might be expected corresﬁonding to transi-
tions to each branch of the valence band. The reverse'transitioné have
been observed in absorption measurements, for example on zinc selenide
(Liang and Yoffe 1967 b).

An exciton can exist either as a free entity or bound to é native
defect or impurity level. Bound excitons emit light of lower energy
upon recombination, the difference of about 0-01 eV being equal to the
binding energy of the free exciton to the defect. Since free excitons
are mobile with a range of kinetic energies, the associated emission
bands have a half width of apprroximately 10-3 eV, ten times wider than
those associated with bound excitons. As the temperature is raised above
liquid-helium temperatures,.free exciton emission tends to dominate as
the bound excitons are thermally freed. |

It has been suggested that there are four different types of bound
exciton in cadmium sulphide which give rise to emission lines knoﬁn_as
the 11, 12, I3 and I4 lines. They correspond respectively to excitons
bound to neutral acceptors and donors, and ionized donors and accéptors.
However, an I4 line has not yet been obgerved. Study of the energy se-
parations of the 12 series of lines can provide information concerping

the donor ionization energies of certain impurities.

1.4 DEEP CENTRE EMISSION

Nearly all phosphors which find practical applications are made

luminescent, that is activated, by the addition of certain impurities.
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With different impurities phosphors can be prepared to emit light cover---
ing a wide range of wavelengths extending from the edge emission region
to the infra red. The addition of impurities can also be used to control
other properties such as the efficiency, decay rate and long tefm stabi-
lity. The emission from II - VI compoupds agsociated with partiéﬁ;ar
impuritlee or activators is known as deep centre luminescence. It usually
consists of broad bands approximately Gaussian in shape with half W1dths
of the order of 0+3 eV.

| Models are used in order to simplify the processes occurring in
phosphors and we shall now consider those models which can be applied

in the case of non-localized transitiens.

1.5  NON-LOCALIZED TRANSITIONS

In the majori&y of phosphors, luminescent emission is accompaﬁied

by photoconductivity. This shows that the electron transitions involve

' the conduction or valence bands of the phosﬁhor ag well as the]lumiheséent
céntre itself. This interaction allows energy to be transferred from
point to point in the crystal and the luminescent centre need not:be any-
where near the point in space at which the electron is first exeited.
OtherAdiscrete levels within the energy gap such as trapping levéls are
also involved together with levels associated with native defects.Which
add conéiderable complexity to the processes involved;

The impurities which produce luminescent emission are known.éé
activators and co-activators. In the II - VI compounds typicalvactiva-
tors are copper,silver and gold substituted for the metal atoms. Co-
activators can be either elements from group VII such as chlorine or
bromine substituting for the group VI afoms, or group IIT atoms such
as aluminium, gallium and indium on group II sites. In most II - VI-
compounds the name aétivator is a synonym for acceptor and similarlyA

a co-activator is simply a donor.



-

) Tﬁé first phosphor to be stﬁdied in any great detail was zihc
sulphide. It is found that after zinc sulphide powder is heated to
_'about 100090 with coppef and sodium chioride, a bright green lumine;.
scence band near 5200 R is produced. If silver is used instead of cop-
per a blue band near 4400 % is produced. It was realised that the‘so—
dium chloride not only acts as a flux during the firing, but also prS-
vides the chlorine ions which are incorporated into the lattice of tile
zinc sulphide. The function of the coactivator is to ensure charge’
neutrality. Every cut ion on a zn't site is compensated by the nétx
positive charge of a C1~ ion on a S~ site (Kriger and Hellingman 1949).
This is further illustrated by the fact that group III elements such
as A1t gubstituted for the zn'? can be used to provide the exceséi
positive charge (Krdger and Dikhoff 1950). The colour of the resultant
luminescence is found to>depend mainly on the activator present. If
zinc sulphide is fired in the presence of a coactivator only, a blue
band near 4600 R,‘known as self-activated emission, is produced. Charge
" neutrality is still maiﬁtained and therequired negative charge is pro-
duced by the formation éf zinc vacancies (Prener and Williams 1956 b).
Self-coactivated emission is also possible where an activator is com-

pensated by the farmation of aniom vacancies.

1.6 MODELS FOR NON-LOCALISED TRANSITIONS

Three models have been used as a bagis for interpreting non-.
localised luminescent transitions. These are illustrated in figure 1.1.
The Schon-Klagens model Was'first proposed in 1942 (M. Schon 1942) aﬁd
elaborated (ﬁ. A. Klasens 1953). The initial excitation produces &
free electron and a free hole. The Sechon-Klasens model assumes:tﬁat
the hole becomes trapped at a localised level above the valence band
and the emission is a result of a free electron recombining witﬁ the

hole at this centre (figure 1.3A).
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Lambe and Klick (1955) prdposed the model illustiated in figu;e 1.3R.
_in this séheﬁe, the free electron is trapped at a lével below the con-
duction band. A free hole then recombines at this level to produce
the emisgion. This model was found necessary to account for thé f#ct
that the decay time of photoconductivity in certain materials was grea-
ter than the luminescence decay time (Lambe 1955). |

Prener and Williams (1956 a) introduced a third model. Tﬁe& con-
gsidered the emission to result from the recombination of electrons énd
holes trapped at localised centres in the same region of the lattice
(figure 1.3C). This associated pair recombination was first observed
in gallium phosphide (Hopfield et al 1963). PFine structure wag Tésol-
ved corresponding to transitions between centrés up to 30 )" aparf.

The low energy edge emission series which occurs in cadmium sulphide
and other II - VI compounds can also be explained using this model.
Pair recombination can be identified by means of time resolved spécf
troscopy. In this process the emission spectrum is scanned as it de-
cays and any shift towards lower energy with time suggests pair.réqom-
bination. This is because more distant pairs take longer to recombine
and emit less energetic photons upon recombination.

These three models, with suitable modifications, have been uéed
to describe most of the emigsion observed in II - VI compounds but_with
most luminescent systems there is still insufficient_evidehce unambigu-
ously to assign specific transitions to particular bands and defect

levels.

1.7 APPLICATION OF THE MODELS TO ZINC SULPHIDE

In order to illuastrate the applications of the three modeléAwe
shall consider their use with zinc sulphide, partly because zinq sul-
phide has been studied more extensively than any other II - VI phosphor
and also because many of the results are, or should be, of direct iele—

vance to similar luminescent processes in zinc selenide. However, it



1
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will be demomstrated that there is still little unanimity of opinion
as to the exact nature of many of the luminescent transitions in zinc
_sulphide and further work is still necessary to clarify the sitﬁatién.
When the copper is used as the activator in zinc,sulphide,'fdur
main emission bands are observed at 77°K. Some of the models whipﬁ

have been used to explain these bands are depicted in figure 1.4, -

(a) Copper Blue and Green Pmissions
Pirstly we shall consider the copper blue and green emissions

which are the most distinct and common. At 85°K the blue band is found
to have its maximum at some wavelength betweep 4300 R and 4440 3 whereas
the green has its maximum at a value between 5160 £ and 5250 2. The
aétual values depend\on whether a group III or group VII coactivator
is used. In addition reported values vary from worker to worke?. |
Possible explanations for the lack of agreement on the actual positions
of the emigsion bands are (f) the observed bands may be a superposition
of a number of sub-bands or (2) different samples may contain different
imperfections within the lattice, such as stacking faults and poljtypes,
which may alter the detailed band structure of the material. Tﬁe'maxima
of both the blue and green copper bands shift towards longer wavelengths

on raising the temperature from 770K to BOOOK, the blue by about 30 2
| and the green by about 100 2. |

| It is found that the green emission dominates when approximately
equal amounts of coactivator and activator are present. _As the égpéer
concentration is increased, the blue band becomes more pronounced.
The éreen band is sometimes attributed to a Prener-Williams transition
between an electron in a coactivator centre and a hole localised at
an associated copper centre (G. and D. Curie 1960); This interpreta-
tion is supported by measurements of the time resolved spectrum (Shionoya

et al 1966). The dependence of the position of the emission peak on



the nature of the coactivator can probably be eéxplained using the model
| proposed by Prener and Weil (1959) to explain the similar effect on
thé'éelf—activated band (seé later). The blue emission has been consi-
dsred to result from a Schon-Klasens transition to the same coppér level
associated with the green band (G. and D. Curie 1960). | |

Both bands have also been described in terms of Schén—KlaSéns' 
transitions to different ionization states of the copper centre (Broser
and Schulz 1961). | |

The blue emission has even been attributed to a Lambe-Klick tran-
gition although this is unlikely (Birman 1960). |

As can be seen, the actual defects and the transitions responsible
for the copper green and blue luminescence are stili not definiteli'

known after over twenty years of serious study.

(b)  Copper Red Emission

Zinc sulphide containing‘copper also exhibits emission in‘the-fed
region of the spectrum, which consists of a band with its maximum at
6970 % at 77°K. In contrast to the blue and green emissions, this,
band shifts to shorter wavelengthé on heating. The emission peak is
located at 6740 £ at room temperature. The red emission is usualiy
observed only when the activator to coactivator ratio is extremely high.
Shionoja et al (1962) proposed that the emission was due to a localised
transition of the Prener-Williams type between a sulphur vacancy and
an associated acceptor level due to the copper. However, BuS.R. ex-
pefiments by Dieleman et al (1964) tend to show that the copper étom
and the vacancy act as a complex producing a level below the coﬁduction
band, in which case the emission would be agsociated with a Lambe-Klick
type transition. Which of these two mechanisms is correct is still

undecided.
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(¢) Copper Infra-Red Emission

The infra-red luminescence of zinc sulphide is enhanced when copper

is incorporated and consists of two main bands located at around-ﬁ;46 pm
and 1+65 pm at 77°K. fhere is an additional smaller band at about-
1.8 p me The whole emission is enhanced when the phosphor is prepared'
under excess sulphur pressure which is thought to iéduce the concenfra-
tion of sulphur vacancies leaving the copper in an uncompensated stafe.
This view is supported by measurements on phosphors containing rédio-

65Zn which slowly decays to 65

active Cu whereupon the infra-red emis-
sion gradually rises (Broser and Franke 1965). Several suggestioné
have been made to explain the two major peaks. Broser and Schulz (1961)
associated them with Lambe-Klick transitions involving the ground and
excited states of a hole bound to the copper impurity. Ullman and
Dropkin (1961) showed that the excitation responsible for the inffa-red
emission produced hole photoconductivity, thus supporting this view.

A similar model involving transitions from a single copper level.to

a split - valence band was suggested by Bryant and Cox (1965). A com-
pletely different mechanism was suégested by Birman (1961) who gt%ri—
buted the emission to internal transitions between the energy ieveis within
the copper ion which result from crystal field and spin orbit splitting.

In fact the emission may be due to a combination of internal and’fiee

electron transitions.

(d) self-Activated Emission

So far we have considered sinc sulphide to which an agtivator,
namely copper, has been added. If, however, zinc sulphide is s8imply
fired so as to introduce a coactivator such as chlorine or aluninium,
a blue luminescence band with its peak between 4710'8 and 4560,2 at 
77°K is produced. The actual value depends on the coactivator group

used. The band is very near to the copper blue emission but it can .
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be easily dist;nguished gince it is found to shift to shorter wavelengths
on heating, unlike the copper blue which moves to longer wavelengths.
Kréger and Vink (1954) suggested that the centre consisted of a zine
vacancy whose surroundings_h#d lost one electron, to compensate for -the
coactivator present. A different model had to be proposed howevé# E
because Bowers and Melamed (1955) failed to observe any paramagnetic
resonance. Prener and Williama (1956 b) therefore suggested thaf a
coactivator-vacancy complex was responsible for the ground state of
a Schon-Klasens transition. Prener and Weil (1959) showed that a zinc
vacancy was involved énd also éxplained the variation in peak pbsifign
with coactivator group. This variation was considered a function of
the different lattice sites at which the two types of atom (group IIT
and group VII) substituted.
| E.S.R. meﬁsurements on S.A. zinc sulphide have identified a.ceht:e
which, due to the presence of a trapped. hole, becomes parﬁmagnefic when
| photoexcited. This centre, known as the A- centre, consists of a z_inc
vacancy associated with the coactivator impurity (Schneider T965)~énd
aﬁpears to be the centre also responsible for the S.A. emission.

The shift in peak position with temperature has been explained
mjumofmimmMMgﬂummﬁmofmewmbxtht@mmmm
is raised. This would lead to inbreasing transitions from the condﬁc-
tion band to the isolated zinc vacancies. |

' Clearly the méchanisms used to explain the self-activated emig-
sion are very similar fo those used to discuss the copper red luminescence,
and in fact the latter is sometimes known as the self-coactivated ﬁand. |
Both emission processes can be treated to some extent in terms of the

' configurational coordinate model which is described later.

1.8 LOCALISED TRANSITIONS

' When an impurity such as a transition element or a rare earth
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ion is introduced into a II - VI compound,the impurity emission and :
absorption processes are associated entirely with electronic trénsi-
tions within the atomic shell of that ion. The crystal lattice plﬁys
a relatively unimportant part in the process. The excited electrdﬂ :
does not interact with any free electrons or holes and the band struc-.
ture of the material .can be completely ignored. The host latticé, how-
ever, affects the transitions via phonon interactions and crystal field
splitting of the energy levels of the free ion. :

It is very difficult to interpret the broadening and shape 6f.
the emission and absorption bands of deep centre luminescence of thé
type described iﬁ the previous secfion. The shape, width and Stokes
shift, that is the fact that the emission usually occurs at lower énergy
than the excitation, all depend on the interaction of the electronié
gtate of the luminescent centre with localised and non-localised ﬁnohons.'
Td take one extreme, for a very shallow donor with a binding energy
of 0-01 eV the.electrdn orbital can be considered to extend over many
interétomic spacings and Snly the host lattice phonons ﬁill have any
effect. However, in the case of deeper levels, whiéh the majority
of important activators produce, the electron is fairly localised and
tends to interact with several localised phonon modes as well as the
lattice. Since these can have widely differing frequencies the matter
is severely complicated and no suitable tﬁeories have yet been suggested.
'In tﬁe other extreme however, when the electron can be considered to
be tightly bound to the centre, as is the case we are now about to
consider, it ¢an be assumed that only the localised modes interact.
Usually it is assumed that only one type of phondn is involvéd. This
means that the form of the emission and absorption bands can be3quite
well predicted by means of the configurational coordinate model. Although
it has been extended to cover more than one interacting mode, tne'equa-
tions which then result contain so many adjustable parameters that tney

are of limited use.



1.9 CONFIGURATiONAL COORDINATE MODEL

The configurational coordinate moﬁel was first suggested b& Seitz
(1959) and has since been modified and improved (F; E. Williams 1953,
0.C. Klick 1952). It is & very useful tool for the analysis of abgorp-
tion and emission bands in localised.électronic transitions. A fypical
configurational coordinate diagram is shown in figure 1.5. Plottéd'
vertically is the potential energy of‘the system near the impurity ion
for the electron in the ground and excited states of the centre, .‘_taking
into account both electronic and vibrational energy. This is plotted
against the configurational coordinate r , which is a parameter speci-
fying the configuration of the ions around the centre. Ina diffuse
centre the configurational coorﬁigéfé éould specify the positions of
a lérge number of ions around tﬁé-centre, whereas in . the case of a'centre
with a wave function not extending very far, it might only describe -
the positions of nearest neighbour ions. For the thallium ion ih pﬁ-
tagsium chloride, for example, the configurational coordinate is simply
the displacement in Angstrom units of the Cl” ions surrounding the thal-
lium ion.

The configuratioﬁal‘coordinate curve is assumed to be parabolic,
following a classical harmonic oscillation, the frequency of the simple
harmonic motion being the same as»tﬁe phonon frequency V . Inttﬁg
simplest case the vibration is associated with a breathing mode in which
the sur:ouhding ions vibrate radially in phase. According to ciaséical
theories, the width of an emission band should be proportional to the
square root of the temperature, and at absolute zero the emission band
gshould have zero width. In order to explain the finite width of the
bands at absolute zero,quantum mechanical concepts are introduced inclu-
ding a zero point energy of % hv. Allowed energies are thus quantized
ag shown in figure 1.5.

To help understand the emission and absorption processes we shall
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uge figure 1.5. The electron is initially in its ground state gﬁd'the
combined energy of the electron and vibrating ions is represented.by‘
the_p#rabola E1. The Pranck-Condon principle is assumed to hold. This
states that an optical transition can occur in a much shorter time than
the lattice takes to respond to the change in charge distribution. In
other words the absorption of energy and the electron transitioh can be
represented by a vertical line on the configurational coordinate'diagram.
After the transition the system gradually reverts to its thermal equi-

librium positbn, E_, in the excited state by interacting with and emitting

o’
a number, Sé, of localised phonons of energy hl)e. In this situatiqn
the energy qf the system is given by the curve Ez, the minimum of_which
is usually displaced from O, the direction depending on the relative
movement of the surrounding ioné, on excitation. Emission can be repre-
sented by a vertical transition which is accompanied by the emission of

a photon with energy hl)E, On reaching tbe ground s@ate, the iﬁns again
revert to their equilibrium positions dissipating their excess énergy
as §, phonons, this time with energy hv1 The system then reverts fo
its equilibrium position 0. S is usually of the order of 40 and the
phonon eneréy is around 0-015 eV. The distance r, is some rep:esgnta-
tion of the displacement of the surrounding ions produced when the elec-
tron is raised to its excited state. |

This representation of the emission and absorption processes shows

that the emitted energy hl)B is always less than the excitation energy
hl) because of phonon interaction, thus illustrating Stokes law more
clearly than with non-localised transitions. With the latter tra.nsitlons
the energy levels within the forbidden gap are raised in energy in a
polar solid when an electron is removed from the centre. Thus when an
electron is excited from a centre, the asgociated energy lével is réised
and on recombination the energy emitted is less, the excess being emitted

as lattice phonons in a similar manner to the localised case.



As:the temperature is raised, the amplitude of vibration incrésses :
leading to a much wider range of coordinates and hence a wider variation
in energy. This means that transitions can occur from either side of
the point of minimum energy O. The distribution of luminescent centres
with respect to energy is determined by Maxwell Boltzmann statistics
and therefore forms a Gaussian distribution with a maximum number at

0. If E. can be considered linear over the rangs of coordinates involved,

2
the excitation band itself will be Gaussian. If however, the minima

are close together, that is there is little effect on the surrounding

ions upon excitation, the resultant band will be distorted towards

higher or lower energy. This model applies equally io the emission
process. It can therefore be seen that the symmetry of the absorption.

‘and emission bands is related to the Stokes shift.

Since the energy of the system is quantized, the emission:snd absorp-
tion bands will consist of a number of discrete lines each associaied. |
with a transition between individual levels. Bach line will be broadened
by Stark field effects and interaction with lattice and localised pho-
nons ignored by the model. The sharp lines making up these broadvnands are
analogous to the phonon replicas seen in edge emission except that in
this case the phonons concerned are localised. The individual lines can-
'not usually be resolved but at very low temperatuies, when the number
of lattice and localised phonons is‘reduced, several lines.may be seen.
The most intense line normally, is known as the zero phonon line. This
appears around 1liquid helium temperatures when the excitation and emission
take place between the zero point energy levels in the excited snd ground
states. The energies of emission and excitation are therefore the ssme
and this results in the appearance of the zero phonon line at'the same
energy in both absorption and emission. Lines sometimes also oecur'st
_ higher absorption energies and lower emission energies at intervals cor-

}.responding to the energies of lettice'optical and acoustic phonons and

g of localised phonons.
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Using quantum mechanical considerations, the width of the emission
band at half height can be calculated and is
. ht)z 2 L
WT = Wo |coth T ' (1.1)
A similar expression is obtained for the width of the absorption band -

with v, replaced by Vg

2
In equation (1.1) Wo is the width at half height at absolﬁte:ZQro.
This is still finite since the sysiem will still poasesé Zero poiht energy.
| At low temperatures, when the system héa relaxed to the zero poinf energy,
the half width according to eguation (1.1) becomes independent of tem-
perature. At high temperatures when ZET1 > h\J2 the system reverts to
the classical approximation and W, « fi. By measuring the change in
half width as a function of tempeiature it becomes possible to obfain
a value for the phonon frequency. . C
Normally a configurational coordinate diagram is built up from
empirical results, for example the temperature variation of half‘width,
the positiéns of the absorption and emission maxima and thg Stokesg shift.
Then from this configurational coordinate curve, prediction s:-sn'a.n‘.cbe‘mde
as to other properties of the centre. However, the configurational co-
ordinate curve has been caloulated theoretically for the thalliﬁm cgﬁtre
in potassium chloride (F. E. Williams 1951). The resulting curve has
been used to predict the observed luminescent properties to a reésqnable
degree of accuracy. Williams consiéered both the aix nearest neighbouring
chlorihe io#s to thq thal;ium ion and the six nearest potassium idné;
He then calculated the energy of the system taking into account the ‘energy
due to electrostatic, Van der Waals and exchange interactions between
_the ions when the electron was in its ground and excited states. Although

the treatment was necessarily simplified, its predictions were found

to be reasonably accurate.
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This model is useful only when the transitions involved are hignly

f>loca1ised, and hence it applies to situations where -the transltlons take

place within the impurity atoms themselves. In rare earth atoms such as

“bholmium and thulium, for example, the 4f shell is only partly filled and

it is possible for the electron to be excited within this shell.A Since
the shell_lies deep within the atom, there is very little 1nf1uence from
phonbps and the emiséiOn tends to consist of fairly sharp lines. -
Another class of luminescence activators which behave similarly
to the rare earths are the transition elements such as vanadium, iféﬁ,
cobalt, nickel and manganese. However, since the electron transitidns
in these ions take place in the outermost 3d shell, phonon 1nteract10n

is more important and as a result the emission bands are broader. So

far'most effort has been concentrated on manganese which is an effectlve

activator in numerous phosphor systems and is responsible for an effi-
cient orénge luminescehce in zinc sulphide. In the ground state, 6S of
the Mn't ion, the five 3d electrons are aligned with their spins péfallel.
On excitation one electron spin is reversed, giving rise to a five féld
degenerate level, which is split by spin orbit interactlon into the 4G,
4P, D, 4F and 4S levels, in order of 1ncreaslng energy. The 4S level
lies approximately 7-2 eV above the 6S level and is therefore too high

to be involved in most optical transitions. Crystal field effects split
thege levels even further to produce the levels involved in the iuminescent
frdnsitions. The situation resulting from a cubic field is illﬁst;ated
in figure 1.6, (Orgel 1955). The observed emission results from the tran-

6A1 (6s) ground state.

sition from the 4T, (4G) excited state to the
In most manganese activated phosphors the emitted light is in the'yellow
to orange spectral region although willemite, because of a diffé;eht
interaction with the crystal field, emits in the green (Vlam 1949).

The absorption and emission bands in manganese activated zinc sulphide
are illustrated in figures 1,7 and 1.8 (McClure 1963, Langer and Iﬁuki

1965).
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Althougﬁ'many of the properties of these luminescent activatofs

* are well known and the emission and absorption bands are

such as ¥n*
easily explained, the actual locations of the energy leﬁels of the ions
with respact to the band edges of the host materials are veyy difficult

to determine and generally not known.

1.10 THERMAL QUENCHING

The luminescent efficiency of a phosphor is found to remain fairly
constant as the temperature is raised until a certain temperature'is
reached at which the efficiency begins to fall exponentially. This_pro-
cess is known as thermal quenching. It is caused by an increase in non-
radiative recombination processes which are more temperature depeﬁdent
than the radiative proecesses.

With zinc sulphide type phosphors the process is usually interpre-
ted using the model shown in figure 1.9. If the luminescent transition
is of the Schén—Klasena'type as in A, at suffieciently high temperatures
an electron can be excited from the valence band to fill the empty state
of the luminescent centre. The excited electron in the conduction band
cannot therefore recombine via this centre. The electron will thus mi-
grate until it can recombine via a non-radiative centre. As the témpera—
ture is raised fuither, more centres are filled and the luminescence de-
creases correspondingly. The luminescence efficiency varies with‘Tv

as

w

- 1 (1.2)
14+ C exp (-ﬁ) .

where C is a constant and w is the energy required tp excite an electron
from the valence band to the luminescence centre. Similarly, with a
Lambe-Klick transition, 1.9B, the electron can be excited thermally -

from the luminescence centre to the conduction band before it has
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. Fig. 1-9._~ .Mod'els for Thermal Quenching of Non-_Loc'qlized' Emission Processes.

a . ' . b. ' _ c.

Fig+10. Models for Efficiency Reducing Prpcesses-' in Localized Emission Centres.
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sufficient time to recombine with a free hole.n In this case the energy

w corresponds to the depth of the luminescent centre.below the condué-
tion band. By measuring the variation of the luminescence efficiéhcy
with temperature it is therefore possibie to obtain a value for w;4

The quenching fransition produced can also be induced by optical
means. Since the energy required is quite low, infra-red radiatidﬁ is
usuall& required. This process is then known as infra-red quenching,
Normally, the measured optical and thermal quenchiﬁg energies are nof
identical. This is explained in terms of the Franck-Condon principie'
which states that there is time for the lattice to adjust itself to
facilitate a lower energy transition during thermal excitation, whereas
there is insufficient time during an optical transition. |

In a localised transition where the cénfigurational coordinafe
model is épplicable, quenching can be explained using the models shown

in figure 1.10. PFigure 1.10a indicates how quenching is assumed 6 occur

o according to Mott (1940). Since the potential energy is more dependént

on configurational coordinate when the electron is in the ground state,
the ground state parabola crosses the excited state parabola at some
point X. 'As the temperature is raised, the system reathes an energy
corresponding to BE above the equilibrium position and it becomes possible
for an electron to return to the'ground state non-radiatively. The lu-

minescence efficiency 17 is then given by

7 - L (1.3)
1+ C exp (- E:)
where C is a constant
This equation is clearly the same as that for non-localiszed transitiohs.
. In figure 1,10b 2 model is shown which was proposed by Dexter, Klick
and Russell (1955) to explain the luminescence mechanism in materials

with low emission probabilities even at very low temperatures. Immediately
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upon excitation the system will possess an energy gfeater than thaf'ét
the cross over point X, and hence on relaxation.the electron will pass
through the point X at which non-radiative recoﬁbihatién will occur.

Finally a non-radiative material can be explained on the basis
of the modgl proposed by Seits (1939), see figure 1.10c. In‘thidicése
the minimum in the excited state lies outside the ground state a.nd. forms
a metastable level. Following excitation the electron will eitﬁér fall
back non-radiatively at X or become trapped with the system in thévcbn-
figuration represented by 0. In that case, further energy must be pro-
vided to permit the system to reach X and allow the electron t0-£ali
back fo its ground state. One interesting deduction from the curves.
of figure 1.10b is that a large 3Jtokes shift is associated with poor

luminescent efficiency.

1.11 LUMINESCENCE IN ZINC SELENIDE
Hitherto the compounds zinc sulphide and cedmium sulphide have

been investigated mainly and the luminescent properties of zinc seienide
have received comparatively little attention. This is partly bécaﬁée

of the difficulties which have been encountered in growing crystals re-
producibly and of incorporating suitable impurities in known and controlled
quantities. Recent improvements in these techniques have resulted iﬁ

an increase in interest, but resulis are still‘complex and their ihter-

pretation is still unclear.

(2) EBdge and Exciton Emission

| The edge eﬁission of zinc selenide crystals lies in the blue re-
gion of the spectrum in the wavelength range 4400 £ t0.4800 R. The first
import#nt work was carried out by Reynolds, Pedrotti and Larson (1961).
They explained their results using the model proposed earlier for cadmium

sulphide. Thus the two edge emission series were attributed to a bound


























































































































































































































































































































































































































































































































































































































































