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ABSTRACT

"Electroluminescence has been observed in single crystals

of sodium iodide when excited by alternating filelds of the
order of 10% V/ecm. The emission has been studied over the

temperatﬁre range 100°K to 300°K and the mechanism is found

.to be more efficilent at low temperstures. At low temperatures

" the electroluminescence has been studied as a function of

voltage, frequenoy, crystal impurities and electrode materials

and the effect of a D.C. field was investigated. The various,

theories of electroluminescence are discussed in relation to
their applicability to the emission observed in the alkali
halides. Of these mechanisms, that of excitation by impact -

jonization is shown to be compatible with the present results,

In addition the effect of an electric field on the radio- -
lumiﬁescence spectra of these crystals was studied. For the
main emission bands a reduction in intensity is observed that

is attributed to the electric field increasing the probability

of electron trspping by increasing the distance the electron
moves through the lattice. Rinally-the thermoluminescence-of -

the various crystals was studied to determine the presénce of

" trapping centres and their possible relation to the above

processes.,
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CHAPTER I
~ INTRODUCTION

1-1 Preambié'andwbéfiﬁiflbns

The phenomenon of luminescence can be defined ag the
emisslonqu'electromagnetlc radiation in excess of thermal v
radiation, As pointed_put by Guilbault (1967) luminescence was E
observed as early as 1565vby Monardes for the extract Lignium
Nephiticiem in water., From such an.early beginning the
phenomenon of luminescence had to wait for the advent of
‘quantum mechanlcs and electron theory of solids to provide
bases for the understanding of luminescence, Howéver,valuable
work was performed in the latter half of the nineteenth century.
" Stokes (1852) showed that the colour of the emitted light was
different from that of the incident light and that the emifted
light had the longer wave1ength. This is the well known Stokes®
shift. Becquerel (1867) showed that the decay of emission after
removal of the exciting radiation could be separated into two

types, exponential and hyperbolic. These he attributed to

~different types of decay mechanisms, monomolecﬁlar and bimolecular,

As the study of luminescence has grown, many different
modes of excitation have been discovered; all of which lead to
the emission of light. The present work is concerned with'the
excitation of crystals by the application of an electric fileld,

a process known as electroluminescence, The electroluminescence




process wlll be discussed in relation to other types of
luminescence. It is convenient to define various luminescence

proocesses so that the following terms can be used unambiguously

later in the text,

v Electroluminescence -~ light produced by application of
an electric field, Photolumlinescence -- 1ight produced by the
‘absorption of light. Radioluminescénce -=- 1light produced by

high energy radiation or high energy particles. Electrophoto-

luminescende -- the effect of an electric field on the photo-
luminescence and radioluminescence processes, Thermoluminescence --
light produced by 1ncréasing the tewperature of a crystal after

1t has been excited initially by another process. Fluorescence --
the emission due to a spontaneous transitlion after excitation. |
Phosphorescence -- the emission due to energy that is stored in §'  
the crystal and released when additional energy 1s provided by |
thermal means. |

The 1um1nescence of alkall halides, that is photo-

luminescence and radioluminescence, will be discussed in the

next section to provide a background for the discussion of

electroluminescence in alkali halides. Next the possible

mechanisms involved in the,électroluminescenoe process in solids

will be considered and %}nally consideration Wili be given to
the theories of thermoluminescence. The study of thermo-
luminescence provides information about energy storage within

crystals, which often plays a vital role in the theories of




electroluminescence,

1-2 Iuminescence in‘A}kali Halide Crystals

Alkali halide crystals offer a unique medium for the
study of many solid state phenomené because of their simple
lattice and electronic structures., On account of this simplicity
the alkali halides have been studied extensively and thelr
basic properties are discussed thoroughly in all the stahdard
solid state texts (e.g. Brown, 1967},

The optical properties of the alkall halides have been
investigated in the study of colour centres. (Schulman and
Compton, 1962; W. B, Fowler, 1968) This is the study of defects
:and impurities in alkall halides that produce absorption bands
'1n the normallf transparent region of the crystal, thus giving
the crystal a characteristic colour., The most important of B
these centres is the F-centre which serves as a basis for the
investigation of all other centres. Markham (1966) has recently
revlewed the properties of F-centres in crystals.

Strong luminescence is observed in alkali halides in

two cases. At low temperatures & luminescence ls observed in

pure crystals that is characteristic of the crystal lattice

and is known as intrinsic luminescence. Second, crystals doped
with various impurities produce luminesgcence characteristic of‘
the impurity centres. These two forms of luminescence will now

be discussed and speclal attention will be given to sodium

1odide.
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‘When pure alkall halide crystals are excited by light'
absorbed in the exciton and band-to-band transitions region at
low temperatures then'a strong‘luminescent emission is Observe¢‘
that 1s characteristic of the pure crystal (Teegarden, 1957;
Van Sciver, 1960). The basic observations of intrinsic
iuminegcence were made on the alkali iodides since the emission
from these crystals is visible at 1liquid nitrogen temperatﬁres.'
IntrinSic emission has been observed in other alkali halides
| at liqu;d helium temperatures (Kabler, 1964; Ramamurti and
.Teegarden, 19663 Kabler and Patterson;‘1967) where the radiative
efficiencies are high. | |
The experiments of Weeks (1958), Teegarden and Weeks (1959)
land Bdgerton (1962) indicated that the intrinsic bands in KI
. and EbI were due to the recombination of an electron with a
. trapped hole. Théy'showed that electrons that were released
from F-centres produced the same intrinsic emission as observed
when exciting in the exciton or band-to-band region. The
experiments of Kabler (1964) and Murray‘and Keller (1965) using
polarized light techniques identifled the nature of the trapped

hole as a VK centre. The VK centre was identified by Castner
and Kanzig (1957) as two halogen ions, one of which has lost an
electron, covalently bonded together. This constitutes a
halogen molecule ion XE, where X refers to ény halogen, and
these centres are oriented rgndomly among the {1102 directions

 of the crystal. The optical properties of these centres were
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investigated by Delbecq et al, (1958), Hersch (1959) and Delbecq

et al. (1961), who showed that it was possible to selectively
orient these centres along certain {110) directions. This
technique allowed Kabler (1964) and Murray and Keller (1965)

to show that electrons, recombining at oriented Vg centres
émitted 1ight that was polarized with respect to the axis of
the Vg centre. A tabulation of the polarizaﬁions of the
intrinsic emissions as either parallel to the direétion of’the'"
~ axis of the Vg centre (¢ polarized) or perpendicular to this
axis (M polarized) is given by Knox and Teegarden (1968).

Thus the 1ntrinsic em1ssion in alkali halides has been

" identified as due to'an electron trapped at a Vg centre
. returning fo the ground'state. Using the nomenclature of Wail
(1968) we will designate the centre formed by an electron -
trapped at a VK centre as a Vge centre. As soon as this centré‘
returns to the ground state, radiatively with the emission of
intrinsic light, or non-rgdiatively; then the two halogen 1ons"
reléx tb become part of the normal crystal lattice., Thus the |

term Vge centre refers only to the excited state and the ground

state immediately after the fadiatlve transition.
Theoretically the Vke centre has been considered by
analogy to an X2== molecule (Kabler, 196@). Kabler and Patterson -
(1967) haveAindicated that the two bands normally observed in ‘
the intrinsic emission can be assigned to two states of this

system, one of which is predominantly singlet while the other




is triplet in character. Wood (1965, 1966) has considered
theoretically the relatlonship between excitons and Vi, centres

while the experimental results of Ramamurti and Teegarden (1966)

Indicate that the lower energy emission bandAcan be excited
directly from an exciton in KI and RbI. However Teégarden
(1966) indicates that Vge centres aré formed more easily from
free electrons and holes than by excitons} | |

In pure sodium i1odide the investigations of Van Sciver

and Hofstadter (1955) and Van Sciver (1960) showed that the
intrinsic luminescence consists of a single band at 295 nm,
Murray and Keller (196?) showed that this band Was.due to the
recombinatién of electrons at a Vg cenfre and that 1t was
polarized: This was characterised as a transition from the

triplet excited state by Kabler and Patterson (1967). Murray

and Keller (1967) found that the luminescence intensity was a
maximum at 70°K, decreased 20% on cooling to 7°K and decreased

by a factor of 11 when the temperature was increased from 700K

to 273°K. This decrease they attribute to a decrease in .
luminescence efficiencyfthat is described by a function of the

—form
(1.1)

P
p+s exp(-E/KT)

' s _ .
where p is the radiative~transition probability, s is a frequency
factor and E is the thermal activation energy necessary-to allow

nonradiative decay, p i1s assumed to be lndependent of the
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temperature and E = 0,06 eV provided a fit to the experimental :

data.
Consideration will now be given to luminescence in the

~alkall halides containing impurities. Reviews of the various
impurities studied have been glven by Klick and Schulman (1957);}
McClure (19592, b), Teegarden (1966) and Fowler (1968). Most
work has been performed on two groups of heavy metal ions; |
those ions 1soelectronic with 71+ and Agt, and the interpretation
of their properties based on the work of Seitz (1938) for Tit
ions and Seitz (1951) for the Ag* ions. In the fpllowing. the
discussion will be limited to the spectra of Tit ions and
certain other centres that contribute to the luminescence of
fsodium jodide.

.‘ The interpretation of the hew absorption and emission
bands that result from the addition of impurities can be
explained with reference to the possible transitions associated
with the free ion. BSeitz (1938) proposed a scheme that has
provided the basls for the interpretation of the data associated
with T1% ions that have been substituted for an alkall ion in
_the alkeli halides, The free thallous ion has a 1s5¢ ground

state (6S2) and four low lying excited states, namely the 3Pg,
3Py, 3Py and 1Py states, from a 6S6p configuration. When this
~ion is in a substitutional latticé.site, all these states are
raised in energy by the Madelung field; This 1s illustrated

in Fig, 1%1 and.the‘two_poipt group éymmetry notations of the




lattice that are in common use are indicated. However, the
standard practice of using the atomic symmetries will be
followed.

In alkall halides doped with thallium'four absorption
bands are observed in general, These are labelled A, B, C and
D bands in order of 1ndreasing energy. Thé work of Vaidanich
(1966) showed the position of these bands to: be at 292 nm,

248 nm, 234 nm and ~230 nm respectively in Nal., Transition$
.from 180 to 3P1 and to 1P1 are‘allowed. Transitions to 3Py are
forbiddén in the free ion but Seitz suggested that interaction
with lattice vibrations might make them weakly allowed. The
strong temperature dependence of the B band (Yuster and Delbecq,
1953) is evidence in favour of this hypothesis. Thus, as
illustrated in Fig., 1-1, the transitions 180-3P1; 159—+3p,
and 155~1P; are responsible for the A, B, and C absorption
bands respectively. The D band is difficult to fit into the
Seitz model.and is explained by Knoi (1959) as excitation'of a
halogen—lon'eléctron into avfinal state 1h which the electron

is on the T1' ion. This is analogous to the (3 band which is a

similar excitation with an ‘F=centre (Delbecq, PringSheim and
Yuster, 1951, 1952). “

The emissidn spé@tra observed due to T1V ions are more
complicated than the abSorption spectfa. The work of Edgerton
and Teegarden (1963, 1964) on KI(TL) provided a coherent picture

and their model is now referred to as the Seitz~Edgerton- 4
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Teegarden (SET) model., In KI(Tl), they found five sepaiate
emission bands for the‘temperature range 12°K to 300°K, These
bands were assigned to the transitions 3Pg—=lsg, 3p;—1sp,
3P5(3Toy)+180, 3P2(3Eu)~—18p (the 3Py level is assumed to be
split by the crystal field as shown in Fig. 1-1) and 1pj—~13g,
The work of Illingworth (1964) and;Trinklef and Plyavin (1965)
indicated that the SET model needed to be altered and Fowler
(1968) indicates a proposed model due to Edgerton in better
agreement with the data. This modified the SET model by
introducing a metastable level between the_3Po and'3P1v1evels
and allowing the 3P1 level to be split. Further data appear
to be required to clarify the situation. However, as pointed
out by Illingworth (1964), the transition 3Pg—~15p7 is normally
forbidden and yet this transition is inéluded in ﬁhe SET model.,
In fact the single emission band obéerved at room temperature
18 assigned to this transition. At low temperatures this band
is exclted strongly by absorption in the D band. Consequently
I1llingworth (1964) suggests that this may be associated with a

charge-transfer transition that is analogous to that proposed

to explain the D absorption band. Experimental evidence in
favour of this explanationfhas been found by Hadley et al. (1966)
in KI(T1) and by Delbeéﬁ et al. (1966) in KC1(Tl).

The work of Hadiey et al. (1966) also gives an indication
of the possible processes that produce radiolﬁmlnescence in

thallium doped alkall halides. It seems likely thét electrons
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and holes are generated by the ionlizing radiation and these
must somehow recombine at a thallium centre., They assume that
most holes are produced as Vg centres which can normally move
around freely above a certain temperature.’ (58°K in Nal
according to Murray and Keller (1967)) These holes are then
frapped at a thallium centre as indicated by the process
| | 13+ Tites21- + T1 (1.2)
Kaufman and Hadley (1967) indicate that this process is
extremely éfficient. An electron then recombines at the T1%+
Acentre producing an excited Tlf jon which then emits its
characteristic radlation.
e~ + TLlH o (T1F)#ee-T1Y + ho (1.3)
;This proceés can proéeed in the reverse order ' '
e- + T1*weT10 | (1.4).
I3+ T10—e21" + (T1*)#—em2I- +T1% + ho (1.5)
The T10 centre broduced in process (1.4) is only stable below
a certain temperature and thermal exclitation caﬁ produce the
reverse process |

T10—eT1? + €~ - (1.6)

These electrons can then recombine via.procesé (1¢3)« The
intrinsic recombination process is also possible

e~ + Ip—=(VKe)¥*—w-2I" + hw (1.7)
whére the émitted light is characteristic of the pure lattice
but this processfis obser?ed only for extremely low thallium

concentrations.‘_Normally only emission characteristic of the
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thellium centres 1s observed, Concerning the nature of the
low energy emission band, associated with the transition BPU“”
1So in the SET model, Van Sciver (1966) has proposed that a
loosely bound electron with the T1% centre mey behave like

1+t plus electron

process (1.3). The ground state of the system T
may be different from the normal T1% system, resulting in a
lower energy emission band, At present the exaet nature of
this transition is not understood.

Theoretical treatments of the absorption and emission .
spectra were made initially by Williams (1951, 1953). . He used
a seml-empirical methed and computed configuration-ooordinate
curves., This provides a model for the interaction of the
electrons with the lattice in terms of vibronic ceupling with
. an effective mode coordinate, Interpretations based on this
model have been presented by Dexter (1958).and Fowler and
Dexter (1962, 1965),' In Williams' model the single effective
mode was chosen to be the "breathing mode" (f1+) heving the
full eubic symmetry of the point defect. The results obtained

with this theory for KC1(Tl) compared favourably with

experimental results, but Serlous objections to the theory have
’been raised (Knox and Dexter, 1956). Two major faults lie in
the simple wavefunctions employed in the calculation end the-
fact that recent work (Henry and Slichter,_1968; Bimberg et al.
1969) has shown that other modes can be important in the

broadening of absorption and emission bands. At present
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theoretlical treatments of the F-centre absorption and emission
bands are based on the method of moments, which was developed
mainly by Henry et als (1965). A recent calculation by Hiibner
(1969) for the F-centre in KBr indicates that three vibrational
modes are necessary to fit the experimental data., Such
6alcu1ations will probably be extended to include the 'I‘l+ centre
but the problem of appropriate wavefunctions still remains,

In the case of T1% ions in NaI, three emission bands are )
observed that are attributed to the thallium centre. These
occur at 430 nm, 330 nm and 280 nm (Vaidenich, 1966) and can
be explained qgualitatively on the SET model as the transitions
3Po—~1so (or charge transfer), 3p;—lsj and 3P2—~1s5; respectively.
'At temperatures between 709K and 300°K only the 430 nm emission
. 1s observed while all three are seen at 129K, The crystals
used in our investigations were heavily doped with thallium
- 80 that additional absorption and emission bands were observed
and_atﬁributed to pairs of thallium 1ons'known as dimer centres,
These produce absorption bands on the lower energy side of the
normal absorption bands and a single emission band is observed
at 325 nm (Van Sciver, 1960). Recent wérk of Herb et al, (1968)
indicates that the dimer centres are oriented along the <100?
directions. This indicates that an iodine ion site lies between
the two thallium ions but no evidence is presented as to what,
if anything, occupies this slte.

Sodium 1odide-9rystals often contain other impurities
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that contribute to the absorption and emission spectra, Van-
Sciver (1960) observed an emission band at 375 nm that he
attributed to excess lodine. Recent observations (Van Sciver
and Fontana, 1968) suggest that the centre responsible for this.
" might be associated with a cation vacancy but the exact centre
: Canlguration is still unknown.‘ The work of Lyskovich and
Chornii (1967) showed that the radioluminescence spectrum could  -
include bands at 445 nm and 475 nm besides those alieady | :
described., These'bands‘they attribute to the inclusion of
'oxygen-containing impurities in the crystal lattice. No
detailed study of these bands has been made but they have been
observed by other workers (Teegarden, 1966) in pure sodium
iodide crystalsq ,

| In conclusion it should bevbointed out that NaI(Tl) is

an extremely efficient scintillator both at room temperature

and liquid nitrogen temperatures while pure Nal 1s an efficient
scintillator at liquid nitrogen temperature, Consequently such
crystalsAare extremely useful in the study of processes involving
the production of electrons and holes in ecrystal. For this
reason it is felt these are 1deal'ciystéls for‘the study of

electroluminescence,

1-3 Electfbiﬁ@ihéééénéé

Application of an electric field to a solid produces a
wide range of phenomena. The present discussion will be limited

to solids that are classed as insulators and semiconductors and
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to effects related to the production of light by the solids
other than producing incandescent emission.,

The original observation of a field effect can be

- classified as electrophotolumlinescence. Gudden and Pohl (1920)
observed an enhgncément of the phosphorescence of ZnS upon '
application of an electfic field. This effect was shown to be

due to the liberation of électrons from traps either by lowering

- the barrier or by tunnelling. A theoretical study of this

effect has been given by Haering (1959). Quenching effects

due to an electric field were observed by Déchéne (1935, 1938). “w.

The quenching mechanism ié not as well understood as the

~ Gudden=Pohl effect but recent work in the alkali halides by
‘fDenks and Leiman (1968) has suggested a possible explanation. | ,‘7ﬁ
. This will be discussed in a later'section. ‘
The initial observaﬁion‘of.electroluminescenée in solidsiw?

is attributed to Lossew (1923) in silicon carbide_and Destriau

(1936, 1937) in zinc sulphide. Since that time considerable

time and effort has gone into perfecting electroluminescent

systems, There exists a large amount of material on the

subject and the reader is referred to reviews by Piper and

Williams (1958), Henisch (1962), Ivey (1963) and Thornton (1967)

for a complete survey of the work on electroluminescent materials,
In the present discussion we will consider the possible

mechanisms that can produce light by application of an electric

field. This process can be divided into three separate steps.




16 -

First the crystal must be excited by the applied field to an
' energy state at least several electron volts above its ground
state, Next this energy may have to be transported to a region
where de-excitation can occur, Finally radiative de-excitation
must occur. The baslc emission processes in alkali halides |
have been discussed in the proceeding section and so no further:
comment will be made about the latter step,

The 1initial process of exciting the cr&stal can take
place in several ways. Three bésic processes will be considered. .
(a) Minority carrier injection, An ordinary conduction state
of a crystal, a free electron in the conduction band or a free
hole in the valence band,\is an excited state of the crystal
- and the energy réquired to produce this state is suppliedlby the
~electric field. Such a state is produced by the injection of
minority carriers into a semiconductor,
(b) Field 1onization of impurities or the valence band; The
removal of an eleotron from the ground state of an 1mpur1ty centre
or from the valence band produces an excited state of the
crystal.s, In this process the action of the fieldlincreases
~-the probability that electrbn—tunnelllné will 6ccur from the
impurity centre or the valence band into the conduction band.
(c) Impact lonization. In this process electrons that are
already in the conduction band are'accelerated by the applied
field to an energy that is high enéugh to excite or ionize
impurity-centres and the lattice by inelastic collisions. These

v
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inelastic collisions provide the excited ‘states from which |
‘the emission is observed.

Minority carrier injection in a semiconductor may occur
elther near a surface which is in contact with an electrode or
at a p-n junction, These types of Jjunctions have been discussed
éxtensively by Shockley (1950) and Henisch (1957). The 1ight,‘
‘that 1s emitted due to this mechanism is observed for direct
cﬁrrent flow, persisting as loﬁg ag current flows, and the
1ntensity,of the emitted light is proportional to the current.
It is important to note that this process occurs when the - |
junction is forward blased. The current-voltage relation for

a simple p-n junction was shown by Shockley (1956) to be
: .1 =g [explev/uT) - 1] .8
. Where J is the current flowing, jé the reverse saturétion .
current aﬁd V 1s the voltage applied across the junction, The
observed Junction electroluminescence intensity obeys a similar
relationship. The chgracteristic emission depends upon the
semiconductor used and may be intrinsic or dependent upon

impurities (extrinsic), The statistics of the recombination

~ process were considered by Hall (1952) and Shéckley and Read
(1952), now known as Shooklej-Read-Hall statistics. Gershenzon
(1966) has recently reviewed the materials exhibiting electro-
luminescence at p-n junctions. Thé 1njection~méchanism has
recently acqulred importance since cariier injection at a p-n

junetion can lead to.the population inverslon required for

-




18 .
lager action. Initial observations offlaser emission were made
in GaAs by Hall et al, (1962), Nathan et al., (1962) and Quist |
et al. (1962), | '

Field ionization of impurities and the valence band was
first considered by Zener (1934) in connection with dieleectric
breakdown. McAfee et al, (1951) and Franz (1952) modified
Zener's calculation and showed that the probability that an
electron will tunnei from the valence band to the conduction
band in unit time is given by

a, .
Ppb = ea E exp| =~ n2(2m*)d Aept (1.9)
n - Zhe E

where a is the unit cell dimension, m* the effective mass of
~ the electron,¢deb the band gap and E the local electric field ‘;‘
;1ntensity."A similar relationahip'was derived for the
'probability of field lonizing an impurity by using the formula;f*
of Oppenheimer (1928) for field ilonization of atomic hydrogen..f"
Piper and Williams (1955) showed that the probability is

Py =17 x 1012 (9_13)% (_E_)% expE 7 x 107 m* % gj’_*](l.w)
m \K/} m E o

where K is the dielectric constant.l§e1 is the energy in eV

" required to ionize the impurity and E is the field strength
expressed in V/cm. The exponential factor in equation (1.9)

is similar to that in equation (1.10) but the numericai féctork
18 4 x 107, A similar expression to eQuationv(l.lo)‘was
obtained by Franz (1952) and Franz and Tewordt (1956) assuming

a square-well potential modei for the impurity. Plper and
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Williams (1959) showed that in ZnS for these two processes to

~ be effective, filelds in excess of those which produce dielectric

breakdown were required. They used the breakdown strength of

alkalil halides in lieu of that for ZnS and sd the same conclusion
1s reached for the alkali halides as‘for Zns, particularly

since the band gap in alkali halides is 1aréer than that in

ZnS. (Note that Von Hippel (1937) measured the breakdown field

of NaI to be 7.1 x 102 volts/em at room temperature.) The

above mechanism is expected to be effective only for 1mpur1ties
which have a state that is close to the conduction band., Field
lonization of the excited state of F-centres in alkali halides
has been reported by Luty (1958) and Spinolo and Fowler (1965),
The excited state of the F-centre normally lies 0.1 to 0,2 eV

below the cbnduction band.

There exist: two other mechanisms that can be classed asbeing f;_
due to field ionization, Onevis a suggestion of Piper and
Williams (1955) that a sufficiently intense electfio field

may perturb the impurity states sufficiently to make it probable

for ‘the system to go into the excited state. 1In a rough

calculation they shbwed that field strengths of the order of

108<V/cm were required,henqé breakdown and other mechanisms

would occur before th1s;; Franz (1956) considered the possibility
of electron tunnelling from a metal electrode into a crystal,
He calculated that such a mechanism gave a current density of

J = Ki E2 exp|- Kgm*% A4 (1.11)
e - E :
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where K1 and K2 are constants, Ae 1s the height of the potentialt
barrier between“the-metal and the crystal and E is the applied |
field. Holes.can alséd be introduced into the crystal by this
mechanism (Fischer, 1966). This mechanisﬁ was proposed as a
source of electrons by Piper and Williams (1955) and eéxperiments
bn the electroluminescence properties of ZnS by Tyagi and
Garlick (1966) favour this explanation.

Thelimpact ionization process 18 complicated by the fact.
that four separate steps are 1nvolvédt— (1) Electrons must be
-in the conduction band in order that they can be accelerated.
(The mobility of holes 1n'the valénce band is usually consideréd
to be too low to allow holes to be accelerated.) (ii) These
‘electrons ére then accelerated by the field. (1ii) Inelastic
- collisions cause eXcitation or 1oﬁization of centres or the
lattice; (iv) Recombination produces emission. Thé light
intensity observed due to this process can be described by the
equation (Curie, 1960) | | |

| B(E) = n(E).f(E).p. | (1.12)
where B(E) is the obéerved 1lght.1ntensity,vE is the field

strength, n(E) is the number of accelerated electrons, f(E) is
the fraction of electrons with sufficient energy to excite a
centre, p 1s the probability that the energy lost during an
inelastic collision is transmitted to an emlssion centre and 1
is the luminescence efficiency of thé excited centre., From such

a relationship the dependence of the emission intensity on the
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applied field lies in the functions n(E) and f(E).
Electrons can be Introduced into the conduction band by

several mechanisms., They may be thermally released from traps,

they can be field ionized from shallow traps or they can tunnel
in from an electrode., The field dependence of the latter two
effects was. discussed in relation to the fleld ionization

mechanism, The thermal release of electrons from traps may be

alded by the application of an electric)field. Such a field
produces an effective lowering of the potential barrier, the
process being known as the Schottky effect and waé discussed by
Frenkel (1938)., Euwema and Smoluchowski (1964) made calculations
for the Schottky effect and field ionization by tunnelling for
the exclited state of the F-centre in alkalil halldes. These
calculations indicated that these effects are observable for
trap depths less than 0,5 eV with flelds below the breakdown
field strength. Haering (1959) considered field ionization and
found a maximum trap depth of 0,4 eV,

Once there is a supply of electrons in the conduction

band these can then be accelerated by the field, This mechanism

operates when the device is. reverse biased in the gsense of a

‘normal semiconductor Junction. A few carriers are accelerated

in this reverse biased fégion and multiplication occurs due fo
impact ionization which 1is close to a breakdown mechanism.
During this process‘there are three processes that cause the

electrons to lose energy. Initially there are lattice and
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lmpurity scattering effects that can be thought of as the
creation of phonons and finally there is the loss due to

ionization of an 1mpur1ty or the lattice by an inelastic

collision., Consequently in order for this pfocess to operate,

the rate at which the electrons gein energy from the field must

be greater than‘the rate of loss of.energy due to the creation
of phonons. Theoretically the electron diStributionlin energy

must be determined together with the Probability of 1onizetlon.

The various theories of thils process have been summarized by
Bareff (1962), Basically two theories are 1hcluded in that of
Baraff (1962)., At low fields a theory due to Shockley (1961)
seems applicable and this predicts the probability of causing u
an ionizing collision to be

Pic = const exp[ ] ‘ (1.13)
eExX :

where Qe 1is the energy required for lonization, E is the
applied field and X is the meen free path of the electrons,
The 1nﬁensity'of light emitted 1s,proportionalvto this expression,

Baraff (1962) shows that this expression is valid if ‘
eEX < Kw | | o (1.14)

where kw is the phonon energy created which is normally taken

to be that of the longitudinal optical phonon energy. At high

Tields this expression 18 not valid and a theory developed by
Wolff (1954) 1s followed. This predicts the probability ef
lonization to be |

Pyc = const exp[- K_ (1.15) -
: E2 - : ‘ -
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where K 1s a constant and E the applied field. As pointed out

by Thornton (1967) both theories, which are due to different
electron distributions, are encompassed by the actual electron
distribution. |

The various mechanisms must now be considered with the
possibility of explaining the electroluminéscence pfocess in |
alkali halides. Since the alkali halides cannot be classed as
semiconductors and due to the small concentration of free
carriers (Georgiobiani and Gblubeva,‘1962) it is'possible to.
eliminate the minofity carrier injection mechanism. Direct
field ionization of the lattice and lmpurity centres requires
fields greater than thése required for breakdown énd can also
be eliminated. This leaves electron and hole tunnelling from
electrodes and impact ionization as possible mechanisms.

For these mechanisms the dependence of. the light intensity

on the applied field can be written as
B(E) = Ky ER exp |- K2 | (1.16)
where K1 and K2 are constants, n is an index between 0 and 2

and m is an index which 1s.equa1 to 1l or 2, In such a relation
~the exponential term dominétes and 1t is usual'to take n to be

zero, However the most, successful equation describing the
' 4' .

relationship between tﬂé"light intensity and the applied voltage
V is

B(V) = K1 V1 exp [--Kz}

—r
va

(1.17)
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which was first proposed by Alfrey and Taylor (1955) and it
will be referred to as the Alfrey-Taylor relation, Often the
relationship due to Déstriau-(1940, 1947)

B(V) = Kq vn exp{- %]' | ' (1.18) e_"

can be used over a limited #oltage range. The results of
Antonov-Romanovsky (1959) for ZnS powders indicated that

equation (1.,17) is valid at low voltages and equation (1.18)

applies at high voltages in his experiments,

To expiain the apparent dlscrepancy between.the observed
dependence of intensity on voltage, equation (1.17), and the
theoretical relationships 1nvolv1ng the applied fileld, equation
}(1 16), 1t is usual to postulate that gome form of localized
‘fleld enhancement occurs. This means that most of the voltage
| drops across a small region of the crystal while the remainderi;'
of the crystal experiences a feduced fieida The normal
assumption is that a high field region exists at the surface
and 1s known as a'Schottky or Mott-Schottky barrier. Henlsch

(1957) discusses the various properties of Mott-Schottky barriers.
In such a barrier region both the field and the thickness are

proportional to the square root of;the applied voltage which

makes equation (1.16) compatible with equations (1.17) and

(1,18)., If equation (1.17) is obeyed for an electroluminescent
system it is st111 difficult to decide which is the controlling
mechanism giving such a relation., Usually it is taken to

"~ imply an 1mpect ionization mechanism but Tyagl and Garlick (1966)




| 25
showed .that this relatibn could apply to the number of electrons

tunneliing in from an electrode, equation (1.11), through a
Mott-Schottky barrier -region. | |
Another possible explanation for the observation of the
Alfrey-Taylor relation was given by Lehmann (1960). He showed
'ﬁhat a superposition of many functions having the form of
equation (1.18), but with different values of the constants
~involved, would"prdduce the Alfrey~Taylor relation, equation
(1.17). The work of Fischer (1962) showed that the emission
in ZnS powderé came from localized regions and the 1ntensity‘ |
from individual reglons followed equation (1.18) while for the' 
whole system the Alfrey-Taylor reiation was observed,
Finali&,,in this'éection, consideration must be-given'to,
, the materials‘used in studies of électroluminescence. Thornton;"
‘(1967) lists materials in which electroluminescence'has,been .
- observed, Attention has been focussed in two areas, namely
electroluminescence d&é to p-n junctions (Gershenzon, 1966)

and electroluminescence in II-VI compounds (Fisher, 1966)., The

latter study has also been divided 1nto.the study of powders

suspended in dielectrids and single crystals.' According to
Thornton (1967) electroluminescence was observed in NaCl by
Torbin (1960), The theoretical considerations of Georgobiani
(1962) indicate that the most likely alkali halides in which
electroluminescence should be obserﬁed were those with the

largest amount of covalent bonding, A consideration of the
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tabulation of the bonding in alkall halides by Pauling (1960)
shows that the alkali 1odides possess the largest fractions of

covalent bonding. This prediction was confirmed by the

observation of electroluminescence in thin films of CsI(Tl) by
~ Georgobiani and Golubeva (1962) and in single crystals of pure
KI by Unger and Teegarden (1967). Onaka et al. (1967) have

observed emission from NaCl(Ag) at 400°K that they attribute

to electroluminescent processes, The alkall halides are also
interesting materials since a moving electron must be considered
as a polaron, Electroluminescence may provide a means of
testing the various polaron theories (Kuper and Whitefield,
(1963), Thus in order to further study electroluminescence

in the alkali halides the present experiments were performed

on single crystals of pure sodium iodide and thallium doped

sodium iodide.

1-4 Thermoluminescence and Isothermal Decays

In the mechanisms responsible for electroluminescence

the releaseof electrons and holes from varlous traps can be

important. Consequently a knowledge of the existence and depth

of these traps is often nedessary. These measurements can be

made by two methods, Qpe_method 18 to observe the emission
that results when a cri;tal 1s warmed up from a low temperature
where the crystal was exélted so that all traps were populated.,
This is known as thermoluminescence and the peaks that are

observed at varlous temperatures are known as "glow peaks".




Another method is to observe the decay constant of the
phosphorescence, which is produced at a constant temperature

- after the excitation has been rémoved. The variation of'this iyl

‘decay constant with temperature allows one to calculate the
trap depths. These two processes are 1nt1mately linked and
'will be discusséd together.

Both thermoluminescence and decay curves depend on the

kinetlics involved in transferring the charge from the trap to
the recombination centre that produces the emission., If there
is no retrapping oncelthe charge has left the trap and it goes
directly to the recombination centre then first-prder kinetics
determine the shapes of the glow curve and the decay curve.
‘fThié is knéwn‘as the monomolecular mechanism. For the case . é
. that involves retrapping then the:situation is more complicated |
and the kinetics are usually referred to as second-order or |
bimolecular, | |

Consider an electron in a trap where a thermal activation '

energy Qe 1s required to liberate the electron. Ae is known

as the trap depth and the probability of liberating the trapped

electron in unit time is

P =8 exp Ae] ' ' (1.19)
' kT . )

where s 1s a frequency factor., The mean lifetime T of the
'}electron in this trap is Just.the reciprocal of P, Now if
every electron that is released from this trap gOes'to a

recombination centre then the number of electrons decreases
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according to the equatlon

dn = - Pdt , (1.20)
n - . .

which is a first-order rate equation where n is the number of
electrbns in the trap. This has the solution

n = np exp [— Pt] : (1.21)
where ng is the 1ﬁ1t1a1 number of electrons trapped and t 15

the time, Now the luminescence intensity 1s equal to the

negative of the rate of loss of electrons from the traps so
that

I =-4dn=Pn=ngP exp (-Pt) (1.22)
dt

This 1s normally written including the mean lifetime of the

trap as

T T T
. Wwhere Ip is the initial intensity. This is the decay observed. -

I = ng exp [-— 1:_] = Ipexp|{-t (1.23)

at a constant temperature for the nomomolecular mechanism. If

the temperature is varied at a rate P = dT/dt then equation

(1.20) can be rewritten as

dn = - P 4T ' (1.24)
n p’ ' :

and the number of electrons remaining in a trap at a temperature

{'w

T is v
n(T) = ng exp -jT é exp(-u) aT (1.25)

o B
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where Tg is the temperature at which thg crystal was originally

excited and u =tﬁe/kT; The emlssion intensity at a temperature
T is then glven by

.T
I(T) = n(T)P = ngS exp(-u) exp il

s exp(-u) 4T (1.26)
o £~ |
This equation was first developed by Randall and Wilkins

(1945), Fpr'a linear heating'rate there 18 no explicit

solution for the shape of the glow curve and varilous approximate
solutions have been applied. The major problem is the |
evaluation of the frequency factor s since knowing s the
activation energy can be detérmined from the temperature T# at‘
which maximum emission ocours. This temperature can be deduced
by‘requiring the intensity, as defined in equation (1.26), to

be a maximum, Thus

T#2 exp[? Qe ] = fe (1.27)-
KT* _EE

and a knowledge of s allows Ae to be calculated, A summary bf
the various approximations has been given by Nicholas and Woods
(1964), A recent analysis by Kelly and Laubitz (1967) utilised
the fact that explicit solutlions could be obtained if the

heating réte 18 proportional to the square of the absolute A
temperature, Numerical calculations of equation (1.26) have

been made by Fleming (1968) using a computer and presented in
tabular form using the notation of Kelly and Laubitz (1967). |




30.
A s8imilar analysis can be performed for the case of
second order kinetics. Here equation (1.20) becomes

dn = - Pndt =~ = | (1.28)
= 4 ‘ |

since the probabllity of recombination is proportional to the

number of available centres. This has a solution

n=__ n ‘ (1.29)
: z1'+ noPt’ .

and the decay 1ntensity is

‘I'=-@=Pn2= Pnz (1.30)
t (1 + noPt,z

which is usually written as

I = : ioat - : ,(1'31)
‘where Ig =;Pn02.and a ='Pn0. However, as shown by Curie (1960),
,'this analysis 18 only correct if the probabilities of reaching.
a centre or ah empty trap are equal, Otherwise the indéx in :
the denominatof of equation (1.31).can be dlfferent from 2,

| Glow curves can-agéin be analysed with bimolecular

kinetiés'assumlng equal capture cross-sections for centres‘and
- traps as initially assumed by Garlick and Gibson (1948). The
equation for the intensity as a functidn of témperature becomes

I(T) = ng? s_exp(-u) (1.32)

nt[l + ng JTQ exp(=u) dIJ

At p

nt
To
where ny is the total number of traps and ng is the number

initially filled; The analysis of Kelly and Laubitz (1967)
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shows that the glow curve in the bimolecular case is symmetrical

Wwhereas the monomolecular case gives unsymmetrical curves.

Also the expression for the temperature of the peak maximum 18,5

- much more complicated, Kemmey et al., (1967) performed an
interesting analysis of glow curfea in which they performed a
computef simulation of glow curve shapes, This allowed them

to remove the restriction of only considering equal trapping

v probabilitlés. By éltering the number of centres and the
‘number of traps they could generate whole families of glow |
curves with the;same activation energywﬂe and frequencj factor
8. Their method seems particulérly useful for weil resolved
glow curves once an inltial estimate of the peraﬁeters‘has been
fmade by anpther,method.' In another paper (Townsend et al.,

’;1967);the same asuthors compare various methods on their data

on thermoluminescence in EAF, They use an analysis due to
Hgggenstraéten (1958) which requires the determination of the
peak temperatures T* for v\‘rarlous heating rates /3. These are

related by

ln(T*z/P) = Ae/kT* + constant | (1.33)

and Ae can be determined., Another method is to consider the

leading edge of the glow curve where the rate of loss of

electrons from traps is slow., Then the 1ntegrals'1n equations
(1.26) and (1.32) are approximately zero and the intensity is
given by | .

I(T) xnos exp(-u) S o | (10 3)4’) |
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‘Thus, as has been showﬁ. the determlnation-of the parameters

relating to traps in phosphors can be complex, ' The measurement
of iso-thermal decay cufves is satisfactory if monomolecular :
recombination occurs and if the varibus time constants, i.e.
activation energies, do not overlap too much., Decays are
ﬁsually analysed in terms ofvmonomolecular dégays only. Glow
curves can glve all the parameters,fprdvided‘the_curves do not, i‘
overlap too much. -In our present;eiperlménts a rough knowledgeiv
of any traps that might}reiate to the électroluminescent |

process 1is requiredo

[ i L . : i . : i




\ ~ CHAPTER II
EXPERIMENTAL APPARATUS

The basic apparatus used in the present experiments
was essentlally similar to that described by Palser (1969),
» ﬁith the addition of a new crystal holder and high voltagé
| leads necessary to épply'A.C.vor D.C, fields to the crystals.
This consisted of a liquid nitrogen cryostat constructed such f  
that access to the eryostat cold finger was thrbugh a dry box
since sodium lodide qrystals are hygroscopic; The crystals
were cleaved in the dry box and mounted into a crystal holder
‘which was bolted into the cold finger of the cr&ostato Optical
" laccess was provided by quartz windows on the remaining three
:‘sides of the cryostat. |

A schematic representation of the apparatus including
the assoclated electronics, isshown in Fig. 2-1. A high
voltage electric field was applied across the crystal which
was mounted in fhe ligquid nitrogen cryostat (not showh).
The ground electrical contact prqvided a thermal contact between
the cerystal and the cryostat. A'thermécouple‘mounted on this
ground electrode was used to measure the crystal temperature.
The hlgh:voltage field was supﬁlied either by a D.C. high
voltage power supply via a reversing switch (not shown) or from
a variable frequency audio 6scillator; The output from this

osclllator was current amplified by a push-pull transistor




Figure 2-1
Schenatiec Diagram of the Apparatus
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amplifier and then voltage amplified by a step-up transformer.

This is shown in Fig. 2-1 as the high voltage amplifier,
Normally this system was operated on a sinusoidal waveform and
a measurement of the high voltage waveform indicated approximately'
5% harmonic content, The osclllater would also generate a v
square wave but the high voltage waveform was distorted
considerably. A typical alternating voltage required to observe
 electroluminescence was several kilovolts applied across
crystals 0.1 to 0.2 cm thick. Fields of this order could be
supplied in the frequency range 50 to 2000 Hz by this equipment.
The measurement of this alternating voltage proved to
be quite a problem.- Since the emitted 1ntensity is so strongly
fdependent upon the applied field it is necessary to control
;tthe field to within 10.1%. Another problem was providing a
‘voltage measurement that was 1ndependent-of the frequency. Both
" these problems were solved by construction of a diode-clamp -
circult together with a rectifier eircuit. This gave a direct:
voltage that was equal to the peak to peak voltage. Also this:
circuit proved to be independent of the frequency over the:range'
“of frequencies used. The use of a dlgital voitmeter to measurefaﬂr
this voltage provided the required'precision.
The light emitted from the crystals was observed through
a Bausch and Lomb 500 mm monochromator and detected by an
EMI 6256 photomultiplier tube. The photomultiplier tube was
| normally operated with,its cathode at -2000 V, whieh was supplied
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by a Keithley Model 242 high voltage supply. The photomultiplier

was operated as a photbn counter and the output pulses were
amplified by a linear amplifier (Sturrup Model 101). A single
channel analyser (SCA) (Sturrup Model 501) wés then used to
select only the pulseé due to a single photoelectron emitted
from the photocathode., This effectively rémoved background
events due to thermal emission from the dynodes and high energy‘
cosmic ray events in the photocathode. The pulses from the SCA
were then counted in a multichannel analyser (MCA) (Victoreen
Model STNOOM)_operatiné in the multichannel scaling mode. The
data collected in this way were normally punched onto paper
tape (Tally Model 420) for later computer processing. An
interface unit was constructed of DEC modules (Digital Equipment
of Canada Ltd,) which.performed a parallel to serial conversion
between the MCA and the punéh unit. Additional outputs were
provided by a Hewlett Packard parallel printer (Model 5624)

or an analogue output that~dro§e a strip chart récorder (Leeds
and Northrop,Speedomax G). |

| In order to measure the emlission spectra of the crystals
the monochromator.was scanned over fhé Wavelength rahge of

" interest by a synchronous ﬁotor. The control system was provided
by a system of miéroswféches, two of which were iimit switches
for the scanning motor.éach one causing the motor to reverse
its direction. Two other'midroswitches were set to mark the

wavelength range required and these controlled a logic system,
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again built from DEC modules., A start signal was manually

given to the MCA at the start of a scan and at the start of the
required wavelength range the microswitch started a clock in

the logic system., The pulses from this clock were used to
channel advance the MCA and their frequency was chosen to
provide either 100 or 200 channels over thé region of interest
before the final microswitch put the system into the readoﬁt_ |
mode., In this system the effective band pass of the spectrum

ls determined by the monochromator slits and the wavelength
range covered in a single channel i.e. the time between clock
pulses multiplied by the scénning speed. 1The data from the

MCA were corrected for the response function of the monochromator-
photomultiplier system as desqfibed by Paléer (1969), (The
euthor is indebted to Dr.>R. Palser for supplying the correction
data dnd programs) The data were normally presented on a linéar
wavelength scale after correction but provision was made to‘
present the daté on a linear energy scale, In this latter case,
a computer program developed by Putnam et al., (1965) was used

to fit the emission peaks with Gaussians (Palser, 1965).

Data were collected in the MCA for other experimental
configurations. In the study of 1sothermal decay curves from
various crystals the monochromator was set at a particular
wavelength and the 1ntensity of the emission after removal of
the excitation was studied by channel advancing the MCA with

pulses derived by scaling:down the‘60 Hz mains frequency. The
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‘same arrangement was used to collect the glow curve data., An

important experiment was the study of the intensity of the
emission from the crystal as a function of the phase of thé
applied alternating voltage.. The electronlics involved are shown
schematically in Fig. 2-1. In this the alternating signal

from the audlo osclllator was fed into a Schmitt trigger which
provided an output pulse as the voltage crossed a cerfain value,
usually adjusted to be_dlose to the zero cross, This pulse;
went to the start gate of the analyser and started it scaling
'1n channel 1, A multivibrator‘opéfatlng at a frequency that

was a multiple (usually 30) of the applied voltage frequency
provided the channel advance pulses. Thus photons detected by
fthe photomﬁltipiier were scaled in a channel that was related S
| to phase of the applied'voltage aﬁ the time the photons weré
emitted, A similér method to this has been used to.study
optical and radio emissions from pulsars (Taubman, 1969).
Calibration of this system was accomplished by écaling the
multivibratbr‘output and using the Schmitt output pulse to
channel advance the MCA., A fine adjustment on the tining

circuit of the multivibrator allowed an aCcuréte setting of the
number of channels for each voltage cycle, A final calibration
was to display the high voltagé signal and the start pulses

simultaneously on a double-beam oscilloscope to determine the |
channels equivalent to the voltage zero crosses and the voltage_"J

peaks. This was particularly 1mpdrtént due to the slight




distortion in the applied waveform.

Speclal care was taken in an effort to try and reduce
the likelihood of ah electric discharge within the‘cryostat.
The cryostat was evacuated with an oil diffusion pump.with its
own liquld nitrogen cold trap. Thls maintained the system-at
é pressure of approximately 10-5 mm of mercury. The high'volﬁage
lead was taken into the cryostat throﬁgh a Kovar seal and it
was found necessarjrto use a high'voltage insulated lead within
a polyethylene tube in the sections where the lead was likely
to come close to the metal cryostat, If such insulation was
not used application of a high voitagé alternating field
resulted in corona discharge between the leads and the metal
| fcryostat. ;Thls.was observed by.the detection of Trichel pulses
: ﬁith an oscilloscope (Trlchel._1939). These pulses result from
- corona discharge through 1nsu1ators and are>discusséd by Loeb |
(1965). Simllar precautions were taken in the construction of
 the crystal holder as indicated in Fig. 2-2. The high voltage
lead was encased 1h polyethylene tubing where it entered the k
brass crystal holder. This 1§ad was then taken into a block of v
.'teflon. The wire protruded . from this téflon Block’and was |
soldered orito a thin pilece of brass 0.5 c¢m square, This was
usually coated with indium, whiéh was just pressed on, and
served as the high voltége electrode, A cube of brass 0.5 cm
in length connected permanently to the crystal‘holder served as

the ground electrode. Again a thin 1gyer of indium was usually'
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pressed onto this electrode., Crystals used in the investigation

were usually 1.0 cm square and between 0.1 cm and 0,2 cm thick,
With this electrode configuration it was felt that there would
be no possibllity of an eiectric discharge around the crystal,

The compiete system was checked to ensure that no Trichel pulses -

6ou1d be detected and electroluminescence was observed in the

absence of such pulses,.




\ CHAPTER III
EXPERIMENTAL RESULTS

3-1 Electroluminescence

"The crystals used in this investigation were nominally
ﬁure sodium iodide and sodium iodide containing 0.1 mole %
‘thallium obtained from the Harshaw Chemical Company. Crystals
of nominally‘pure éodium iodide grown in this iaboratory were
also used. As described, the crystals were placed betweén
two plane, parallel eiectrodesithat wefe normally made of
indium, Application of an alternating electric field of .
‘approximately 104 V/cm at a temperature of 100°K produced the
femission of light characteristic of the 1n§r1nsic crystal
,'1attice and also light characteriétic of impurities in the
crystals, In,the-following discussion the results refer in
general to excitation by an alternating field of frequency
500 Hz and at a temperature of approximately 100°K, except for |
~ the resuits'qoncerning the variation of these parameters., |
Since there is always}a prgctical interest in materialsvi
“exhibiting electroluminescence, it was of intérest to visually
observe thé emission. At a voltagé that was approximately four’;f;
times that needed to initially detect emissidn with a photo- |
" multiplier tubé it was posgibie to see the emission from the
crystal. The ‘intensity was such that it was not négessary to

‘dark adapt"the eye. However the intensity of this level of




emission tended to be erratic. A photograph of a NaI(T1)

crystal during such a visual experiment is shown in Plate 1(a)

while the crystal and ‘erystal hblder are shown illuminated from "‘

the side in Plate 1(b). This view of the crystal iz through
the cryostat window normally used by the monochromator. The
emission 1s observed through the side of the crystal but; as
shown in Plate 1(a), the light leaves the cryStél thfough thev
edges and surface imperfections. This effect 1s probably‘»,
‘because the light tends fo be 1nternélly reflected from smooth
surfaces, Such an effect makes‘it impossible to decide whether
the light comes from a particular region within the crystal.,
Unger and Teegarden (1967) claim that in pure KI they observe
‘that the light is emitted from regions close to the electrodes,
. Assuming that KI behaves simllarlf to NalI, it is felt that |
thelr results can be interpreted as the obsérvation.of light

leaving the crystal at the edges.

Emission Spectra_

The electroluminescent emission sﬁectra from "pure" Nal
can be ciassified into two types,l‘Fig.‘B-i shows the emission
spectrum of Type 1 NaI. This Spectrum was taken at 1009K and
shows emission bands at 295 nm, 375 nm,.hho nm and approximately  .
530 nm. Fig. 3~2 shows an emission spectrum from Type 2 Nal |
which consists of bands at 295 nm, 375 nm and approximately .
430 nm, Both types of crystals were obtained from fhe_Harshaw_@v

Chemical Compsny but in separate batches bought at different
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Plate 1 .
(8) NaI(T1) erystal excited by an alternating field at 106°K
{b) Crystal and erystal holder with external 1llumination




N | Figure 3-1
ﬁleqtrelnmineaeenee-3peetrum of Type 1 Nal at 100°K

(The spectrunm haé been corrected for 1hstrunent,reapnnaa and
the intensity is in arbitrary units)
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Figure 3-2
Electroluminescence spectrum of Type 2 Nal at 100°K

(The spectrum has been corrected for instrument response and
the intensity is in arbitrary units)
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times, * Crystals grown in our laboratory exhibited Type 1
emission spectra, The difference between these two types of
pure Nal seemed to be‘that Type 2 contained more excess lodine
which is responsible for the 375 nm'emisslon.bahd according
to Van Scilver (1960)._ Scintillation spectra from two:slmilar
'crystals of each type showed that in Type 2 crystals the 375 nm
‘band was approximately 10 times as internige as 1h Type 1 crystals,
It was also noted that the surface of Type 2 crystéls remained -
" clear while the Type 1 crystals quickly became cloudy on their o
outer surfaces even in the dry box., It is felt that such
contamination of the crystals brobably is responéible for the
530 nm emission band. The experiments of Lyskoﬁich and Chornii
- (1965) shqw that heating pure Nal in air can produce‘emissidn
vbands at 445 nm and 475 nm. - It i8 possible to identify the
530 nm band shown in Fig. 3-1 with the 475 nm band quoted by
Lyskovich and Chornii (1965) gsince their results had not been
corrected for the response of theilr detection system, Indeed,
before our data were corrected;éhis band appeared to lie at
approximately 500 nm. Thus -the 4#0 nm and 530 nm bands are
attributed to oxygen-containing 1mpurit1es in pure NaI from the :
work of Lyskovich and Chornii. The 375 nm band has been
attributed to the presence of excess iodine by Van Sciver (1960)
while the 295 nm band is the intrinsic luminescence of Nal which
was shown by Murray and Keller (1967) to be due to recombination

- of electrons at VK centres, Thus the eleotroluminescence
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process excites the same centres seen in photoluminescence and
radioluminescence experiments. |

The emission spectrum of a NaI(Tl) crystal at 100°K for

500 Hz excitation is shown in Fig. 3-3, Thls shows the 430 nm
band that is attributed to emlssion from thallium monomer |
centres and a small band at 325 nm that is due to emission from
thallium dimer centres. This spectrum is identical to that
| observed with gamma-excitation and shows the samé bands 6bserved'
in photo-excitation, although in the latter case the relative |
intensity of thé bands can be varted Ey selective excitation.,
Consequently the electrolumineécence process does not provide

a selective excitation but behaves exactly like gamma ray
fexcitatlon,
n Raising the temperaturé oflali the crystals studied
results in a decrease ih the electroluminescent 1nténslty. Thié‘
effect appears tb'be two;fold. Pirst thefé is the normal

deqrease in efficiency of luminescent centres due to the increase

in temperaturé making non-radiative transitions from the excited :}}”

state to the ground state more prbbéble. The dependence of thls .
effect was 1nd1cated 1h equation (1.1).v This'is particularly
noticeable for thé?intrinslc emission of pure Nal whose 1nténsitj ‘
.decreases by a factor of ii in warming from 709K to 273°K E
(Van Sciver and Bogart, 1958; Murray and Keller, 1967). As
shown in Fig,.B-h, at room temperature the intrinsic emission

is not detected in the electroluminescence spectrum. The long




Figure 33
Elestroluminescence spectrum of NaI(Tl) at 100°K

- {The speotrum has been corrected for instrument response and
the intensity 1s in arbitrary units)
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Figure 3-4
Electroluminescence spectrum of Nel at room temperature

{The spééﬁrum has been corrected for 1natrumant{re§ponse and
- the intensity iz in erbitrery units)
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wavelength bands are also not visible and the spectrum consists

only of the 375 nm band., For Nai(Tl) the intensity 18 again
reduced at room temperature. Fig. 3-5 shows a room temperature
electroluminescence spectrum in which both ménomer and dimer
emission bands are observed, As in the radioluminescence
spectrum the dimer band is more prominent ét room temperature
than at 100°K, | |

In all these systems raising the temperature has the
second effect of reducing the efficlency of the electroluminescence
process, Indeed, at the voltages used to observe electro-
luminescence at 1009K, there is insufficient emission at room
temperature and the voltage has to be increased considerably.
This makes 1t difficult to obtailn an accurate measure of the
decrease in efficlency, Experiments were possible with only
the 375 nm emlsSion in pure Nal, Fbr a constant voltage the
intensity of this band decreased by a factor of approximatéiy
80 from 100°K to 300°K, while a subsidiary experiment indicated
that the normal reduction in intensity due to non-radiative
transitions was by a factor of 3., This implies that the electro-
luminescence process exciting this emission is approximately
25 times more efficlent atflOOOK than at 300°K, A similar
decrease in emission 1S;Observed for emission at 430 nm in
NaI(Tl). Fig. 3-6 shows a plot of the logarithm of the
intensity, corrected for the decrease in efficiency due to non-

radiative transitions, against the rediprocal of the absolute
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Figure 3-5
Electroluminescence spectrun of Nal(Tl) at room temperature

{The spectrum has been corrected for instrument response and
- the intensity i= in arbitrary units)
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Figure 3-6

Temperature variation of the electroluminescence of RaI(Tl)
2t 430 ne
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temperature., This shows that in NaI(Tl) the electroluminescent
intensity of the 430 nm band decreases by a factor of

- approximately 20.between 1509K and 273% and 18 approximately

'constanﬁ below 170°K.' These data appear‘to Bbey an equation
similar to equation (1.1) with an éctivation energy of 0.3 +
0.1 eV, However this activation enérgy cannot be 1nterpretedv'"
as a thermal quénchlng due to non-radiative processes in thé'

centre since the data have been corrected for this effect.

This quenching must affect the electroluminescence process
itself, |

Measurements of the mobility of electrons in alkali
halides, at low fields, by Brown and Inchauspé (1961) and
Ahrenkiel and Brown (1964) show a temperature dependenée'similar
to that indicated in Fig. 3-6., The observed curves of the
mobility were 1nterpreted as containing three scattering
mechanisms and the total mobility/x is given by

1=_1_+_1 + 1 | - (3.1)
M fop pac  jh

Where‘;bp represents optical mode scattering,/uac'represents'f

acoustic mode scattering and‘/& is from scattering at impurities.,
‘ :
For optical mode scattering the temperature variation is given

by

Mop = constant[exp(@/T)-1] (3.2) .
where @ 1s the Debye temperature which equals h‘*}_"O/k where |

‘OLO is the longitudinal optical mode frequency, ‘(See the book
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edited. by Kuper and Whitfield (1963)) Acoustical mode scattering
has a temperature dependence of (Seitz, 1948)

/“ac‘ = constant T“Bll (3. 3)

whlle the mobility due to impurity scattering,ﬂi is constant
and predominates at low temperatures., Now, provided the mobility,

'1s the controlling effect, these mechanisms may provlde the

temperature variation., Measurements by Woods, ‘Brockhouse and

Cowley (1963) on NaI gave Wro = 3,25 x 1013 gec-l which gives

a Debye temperature of 2480K, Using this value in equation
(3.2) shows the mobility varies by a factor of 2,2 over the
temperature range 273K to 170°K, The intensities of Fig. 3-6
could be fitted to a T'&idependence between 2739K and 170°K and:
:}are approximataly constant at lower temperatures. Thus a
.possible explanation of the tempefature dependence is that
~‘acoust1cal mode scattering governs thé mobility of electrons
between 273°K and 170°K while a constant mobility at lower
temperature applies due to only impurity scattering.

A further possibility is that some electron or hole trap .

with thermal acthation’energy 0.35% 0.10eV plays a vital role
in the electroluminescence process, This trab must behave in

such a way that while the trap is filled 1t assists the process.'

This i1s the reverse of the normal role of traps whereby they
are required to release their charge carrierS¢ A possible
explanétion is that this trap is necessary to form a barrier

region near the surface and may indeed have the form of a
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surface state, In a later section the relative merits of these"

explanations will be discussed, : | %

PhasémDependence

 For alternating field excitation of electroluminescent
‘materials it is alwéys of interest to observe.the phase
- dependence of the emitted l1ight with respect to the applied

voltage; ‘This is usually referred to in the literature as the

study of "brightness waves", The normal:technique is to display
both light signal and applied voltage on a double beam |
oscilloscope. As described previously the present results were :
obtained using a multichannel analyser that was controlled by

‘uﬂthe‘appliedvvoltage.

Typiéaliresults for excitation with a 500 Hz slnusoidal
waveform are shown 1h Fig.'3-7. Curve (a) represents the |
emission from thé 295 nm band in pure ﬁaI. curve (b) réﬁreéantsﬁ
" the emission frém the 430 nm band in NaI(Tl) while curve (c)

represents the 500 Hz applied voltage. These curves show that"i_

" the emission from the.crystal begins at the voltage cross-over- f_
point, rises rapidly_td a'peak bqfOre’the voltage peak and then . -
decays away through the remaindef of the half éycle. This 1is

then repeated over the other half-cycle:. If a square wave is

applied to the crystal through the high voltage amplifier
considerable distortion of the waveform occurs., However, it 131’
still possible to excite the crystal as 1$fshown in Fig. 3-8, =
This 1llustrates very clearly that thé light emission frpm |
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Figure 3-7
Phase dependence for sinusoidal applied fields
(a) Emission from 295 nm bend in Nal
(b} Emission from 430 nm band in WaI(Tl)

{(e¢) Applied voltage
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Figure 3-8
Phase dependence for ‘°sguare wave® applied field
{a) Emission from 430 nm band in Hal(T1)
(b) Apprlied voltage
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NaI(T1l), durve (a), occurs after the zero cross and on the
rising edge of the applied voltage waveform, curve (b), 1In
Fig. 3-8 the frequency of the applied voltage was 200 Hz, A
study of the possible frequencies that the multichannel .
analysef.would respond to indicated that light was always
emltted ag the voltage was increasing from zero and peaked before -
- the voltage peaked. |

Fig. 3-9 shows the various curves obtained as the
applied voltage is increased. This shows that at low voltages
the 1ntensity does fall to the background level during the
latter half of the negative half cycle. As the voltage 1ncreases
the intensity rises faster and the emission does not fall to .
.zero before 1t 1ncreases again on the next half cycle., This
‘vemisslon at.zero voltage is probaﬁly due to energy being
released from meta-stable 1eveis or trapping centree. Evidence.ﬂ
for the existence of such states will be presented in a later
section, _ |
From a study of the curves of the phase dependence of

the emission, it is obvious that there ean be asymmetries in o
the intensity of light emitted on "each half cycle of the applied?f
voltage. The asymmetries varied with each crystal studied., It ;;a
was even found that the so-called "brightness waves" varied E
with fthe wavelength of light accepted by the detection systen,
Fig. 3-10 shows the phase dependence of the emisslon with the

detection monochromator eet on the four emlssion bands observed ?




Figure 3-9

Phase dependence of 430 nm emission from NaI(T1l) at various
voltages

8.6 kV/cm
- . = 7.1 kV/cm
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Figure 3-10
.Phaae dependence for the various emission bands m pure Nal
295 nm |
- o 375 nm
. b0 ym

come= 530 nm
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from Type 1 NaI, These curves indicate a considerable varisation
and it is difficult to propose a mechanism to explain such

varlations, Results from other electroluminescent systems also

show asymmetries (Henisch,'1962) which are usuélly attributed
to system geometry. Thls undoubtedly can produce asymmetries
if it is assumed that light emitted during one half cycle comes . .

from a different position than light emitted during the other

half cycle. However as described previously visual observation -
of the crystals at high voltages indicates that the light

leaves the crystal through surface cracks and at the edges.
Light emitted from the crystal in this manner can undoubtedly
show asymmétries but makes it very difficult to draw any

conclusion from the observed asymmetries.

Finally it was observed with certain samples that
application of a higher than normal voltage resulted in emissién
that was mainly in phase with the appliéd voltage and usually
oécuring on only one of the voltage half cycles. This effect

was observed together with the typical phase dependence but the

in-phase cbmponent prédominated at high voltages., It was felt
that this was due to a different process from the normal emission

process, perhaps due to the establishment of a higher

conductance path through the crystal. The emission observed
under these conditions was very erratic and consequently most
experiments were performed in voltage regions showing the normal

rhase dependence,
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.Thus the process involved in producing emission starts
as the applied voltage crosses zero but is quenched before the

voltage reaches its peak, the emission decaying over the

remalnder of the half cycle. This phase dependence appears to

be 1in disagreement with the results of Unger and Teegarden

(196?) for electroluminescence in pure KI. They observe electro- ,
- luminescence under app11cat1on of an alternating field of v

frequency 500 Hz that was detected at 1000 Hz using a phase-

sensitive detector, This signhal they observe to be "90° out

of phase with the reference frequency"., This is interpreted

a8 meanling that the light peak occurs on the zero cross of the
applied voltage, in contrast to our results, It must be pointed
out that their description is somewhat ambiguous and the.ﬁse of ;;:
 a phase-sensitive detector may nétzgive the accuracy of our |
results, As a result of this their results may be 1h agreementvjf}

with ours and our present results are undOubtedly_similar to

those observed in other electroluminescent materials. (Ivey,

11963).

Voltage Dependence ‘
The voltage dependence of the emission from NaI(Tl) and

pure Nal was studled at 100°K. At room temperature the emission_"

was too low to makeuany.accurate measurements as to the voltage
dependence. Fig, 3-11 shows a typicalvcurve for the 430 hm.
emission in NaI(Tl) when eicited by en applied field of frequency:.

500 Hz, The line drawn through the data points repfesents a
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Pigure 3-11

Voltage dependence of the 430 nm emission from NaI(Tl) at a
frequeney of 500 Hz
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.
least squares fit to the equation o
B(V) = By exp(-c/v¥) (3.3)
where B(V) is the observed intensity, V is the applied RyM.S.
‘voltage and Bg and C are constarits, This is eduivalent to
equation (1.17) (Alfrey and Taylor, 1954) with the index n=0.
This relationship 1s the one that fits the data best in most
électroluminescenthmaterials»aﬁd hae been observed in KI by |
Unger and Teegardeﬁ‘(1967) and in CsI(Tl) by Georgobiani and
Solodovnikova (1968)., Attempts were made to fit the voltage
dependence with equation (1.18) but it was found that équation
"(3.3) provided a better representation of the daté.
\ Fig. 3-12 shows that the same relstion 1s.observed'for |
fthe intrinsic emission band in pure NaI at 100°K., The 1mbur1ty,j-
_emission bands also followed this relation., Curve (a) is for -
etcitétion with an applied voltage of frequency 100 Hz while |
for curve (b) the frequency was 1500 Hz. This indicates that

AL B N 0 5 8 . b v rboas oy e g Y N e B

the slope of the curves, i.e; C‘in equatioh(3v3% appears to be .”Q'

approximately independent of frequency, Alfrey and Taylor
(1955) found the siope to be slightly dependent upon the
frequency in ZnS crystals., | |

In the present experiments there is some ambiguity as

to the fleld applied to the crystal becguée the electrodes are;g?i“‘

smaller than the crystal. Thus parts of the crystal are in a
"non-uniform field., The voltage dependence experiments were

checked with an electrode system that was largér than the




Figure 3-12

Voltage dependence of the 295 nm emission from Hal
{a) 100 Xz
{n) 1500 Hz
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. crystal so that all the crystal experienced a uniform field,

With this system the same voltage dependence was observed,

Freguency Dependence -

With the present experimental arrangement it was possible
to vary the frequency of the applied field from 50 to 2000 Hz -
while maintaining a constant voltage on the crystal. The |

dependence of the electroluminescent intensity upon frequency

for NaI(Tl) at 100°K is shown in Fig. 3-13., This indicates
that the 1ntensi£y appears to 1ncrease linearly with frequeﬁcy;
There was no change in the spectral distribution of the
emlssion over the exciting frequency range. A linear relation-
ship is to be expected if the intensity emitted during each "
cycle 1s constant. | |

For crystals of pure Nal the frequency dependence of the
emitted light 1s more complicated. Fig. 3-1L shows the frequency
dependence of fhe emission from the 295 nm and 375 nm bands.

The 295 nm emission shows a linear dependenCe on frequency

_ while the 375 nm emission shows a saturation effect.at higher
frequencies.' Observation of the emission from this crystal .

with the monochromator set at zero order also showed a saturation

effect,

These results are comparable with results on. other : ¥
electroluminescent maﬁerials. "Buller and Waymouth (1955) find
a frequency dependence of the blue and green emlssion bands

that is very simllar to that we observe in pure NaI. Henisch




Figure 3-13
Frequeney dependence of the 430 nm emission from HaI(Tl)
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Figure 3-ib
Frequency dependence of the emission from Nal
€ 295 nm
+ 375 nm
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(1962) indicates that single emission bands usually show a
linear frequency dependenoe while for two or more bands an
increase in frequency alters the spectral composition towards
the shorter wavelengths. Fig. 3-15 shows emission gspectra for
pure Nal at various frequenciles, Th;s indicates that the 295
nm band 18 linearly increasing while both 3?5 nm and L0 nm
Vbands are showlng saturation effects. The spectra in Fig. 3-15
have not been éorfected for the efficiency of the detection

system,

Electrode Dependence

As discussed earlier the crystals were held between a
high voltage electrode and a ground electrode by a simple
pressure arrangement., The ground electrode provided thermal
contact between the crystal and the cryostat., Various materials
were tried as electrodes including brass, indium, silver and
aluminum., In all cases electroluminescence was observed and
no noticeable differences were observed except that indiun
made a more consistent contact due to its maleability. As a
result the normal configuration uséd was with brass electrodes
that had a thin piece of 1hd1um pfessed onto them,

Experiments were also performed to determine if the
electrodes had to be 1;'d1rect contact with the crystal surface,
Thin pleces of various insulators were 1lnserted between one or
both electrodes and the crystal. The results of these

experiments indicated that there was still electroluminescent
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Pigure 3=-15
Elemtreiumineseanae spectra of Nal at various frequenecies
1500 He
— e D00 Hz
ewecss 100 Hz

(The spectra are shown uncorrected)
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emission with insulators between the crystal and the electrodes.,

However, the 1ntens1ty observed was extremely low and
identification of the ‘emission was not possible although it was
consistent with emlssion from the crystal., Such emission only.ff;
occurred with the application of fields that were larger than .;{:
fhose required to produce electroluminescence without any
insulators between the crystals and the electrodes and the
‘intensity fluctuated conslderable, These results tend to show g
that direct -contact between the electrodéé and the crystai is

“not required but a definitive result requires 1dent1fication

6f the emission.

;Experlments with D. C, Fields

. ~ Application of D.C. f1elds of up to 3 x 10"F V/cm did

| not, in general,.cause any electroluminescence as also observed. -
by Unger and Teegarden (1967). Occasionally some form of
~emission was oﬁserved that was usually erratic and at a low

level, This emission was possibly correlated with the'observat1on
of the ‘in phase' émission observed with large alternating | -
fields ahd because the effept was not reproducible 1t was not -
studied,‘ However if the polarity of the applied voltage was
reversed by means of a mechanical reversing switch then a 1argei:1i
burst of lighﬁ was observed, The initial 1nteﬁs1ty greatly | |
exceeded the normal light level due to alternating fieldé.

This emission then ‘8lowly decayed, with the field on or off,

as 1ndicated in Fig. 3-16 which 15 a logarlthmic plot of the




Figure 3-16
Decay curve of Nal(Tl) emission at 1009K
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intensity as a function of time after the voltage reversal,
An estimate of the current flowing during such a reversal was

made byflimiting the current supplied by the power supply. This

indicated that an 1nstantaneous current of the ordér of 1 mA
was involved,
A study of the spectral distributioﬁ of the light during

the decay period showed that it was ldentical to the impurity

emission of the crystals. The intrinsic emission was not

detected, This indicates that the voltage reversal causes many
centres to be ionized and also it p -opulates trapping centres..
The release of charge carriers from these traps and their
recombination at emission centres produces the observed decay.
As a further indication that many trapping centres are filled,

if a thermoluminescence experiment is performed after a single

_ voltage reversal then several glow peaks are observed. These

glow peéks will be discussed in a later section, Excitation

of the crystal at 100°K with gamma rays produces the same glow

curves on warming,

This voltage reversal effect is possibly related to the
alternating field case since it was, found that a voltage reversal

was necessary, no'emisslonfbeing observed when the voitages

were applied and removéd. To explain the initial high level
of emitted light two possibilities exist. One is that the
voltage is applied for a much longer time before the reversal

occurs and the other possibility is that the rate of change of-
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the voltage as the reverse voltage is applied is much larger

than for the alternating fields used.

Discussion

The results quoted in this section represent the first
observations of electroluminescence-in sodium iodide single
“crystals. In an effort to explain the electroluminescence |
process the following_experimentalAresults must be ekplained:-
-(a) There is no selective excitation of emission centres within
the crystal as is the situation for radioluminescence.

(b) The emission, in general, 1s observed only with some form

of alternating field and the emission maximum occurs befofe_

the voltage maximum for‘slnusoidal fields.

(¢c) The voltage dependence of the emission 1ntenslty'appears

to follow the usual AlfreyfTaylor relation,

(d) A temperature dependence for which the excitation is more
effective at low temperatures, |

(e) A linear frequency dependence observed for the main émission
centres (thallium emission in NaI(Tl) and the intrinsic emission
in pure NaI) while fhere are saturation effects for some
emission centres.,

The processes that were shown to be probable in alkali;‘.
halides must‘now be considered in relation to the above
experimental observations. Electron tunnelling from the
electrodes, as considered by Franz (1956), is possible with the

fields used provided the barrier between the metal and the




75
crystal is not too high. If such a mechanlsm.was operative:a
supply of holes would also be required without having to infer
impact lonization. These could be provided by tunnelling.frém
the opposite electrode, Such a mechanism haé been proﬁosed by
Fischer (1963) for II-VI cohpounds and was suggested also by
Ungef and Teegarden (1967) for electroluminescence in XI,
Emission results from this process when the voltage 1s reversed

and the electrons tunnelling in recombine with trapped holes.

This mechanism was rejected by Unger and Teegarden (1967) since

they postulated that this process would give emission in phase
with the applied voltage, in contrast to theilr observations.
However it is worthwhile reexamining this mechanism in the
light of our observed phase dependence.

From the model of Fischer (1963), as the voltage 1is
increased electrons and holes tunnei into the crystal from
opposite electrodes, The mobility of holes in alkali halides

is small and they are trapped at a variety of centres., Thus

the holes trap in the vicinity of the electrode, These trapped

holes form a polarization field that limits the tunnelling of
holes into the cryétal, and hence also 11m1£s electron
tunnelling since equél numﬁers of electrons and holes will
tunnel in. As the appfied field reverses then eleotfons tunnel
into the region containing trapped holes and the space charge
due to these holes enhances the electron tunnelling. Re-

combination of electrons and holes produces emission. Hole
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tunnelling from the opposiﬁe electrode also occurs and the
process is limited agalin by a polarizafion field. Therefore
in an alternating fiéld it 1s'more likely for emission to oceur .
as ﬁhe voltage 1is 1ncreaslng from zero in agieement with the
present results.

The voltage dependence of sueh,a tunnelling mechanism
follows the basic form of.equation (1.,18) provided the
internal fleld is proportidnal tb the applied voltage. However
due to the space charge enhancement effect the 1nternalbfie1d
nay bebmodified;} Assuming a Mott-Schottky modification, then
the observed voltage dependence can be derived. Thig model
assumes that the holes are trappéd. The temperature dependencev
cean be explained on the assumption that at a certain temperature;fl
the holes are free to move and decrease the probability of |
recombination. The present measurements indicate an activatioﬁ'
energy of 0.3 + 0.1 eV for this process, The results of Unger'
_ and Teegarden_(1967) also indicate that the electroluminescence
decreases as.VK centres, which are trapped holes, become
mobiie in pure KI. In pﬁre Nal some other hole trap would have
to be responsible since Vi centres are mobile at 589K according *
to Murray and Keller (1967), The fact that intrinsic emiséion
is observed in the pure Nal electroluminescence experiment
is then difficult to explain on this model. For NaI(Tl) a hole
trap is provided by the T1% centre becoming a‘Tl++ centre, The

observed activation energy could be that required to free a hole
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from a T1tt

centre., The linear frequency dependence requires
that an equal number of electrons and holes tunnel in during
each voltage cycle. Since the process 1s limited by the
polarization field it 1is thelmaximum applied-voltage and not the
length of time the voltage is applie@ fhat limits the number

of carriers tunnelling. Thus a linear freduency dependence
would be expected., Saturation effects_can be accounted for by
noting that the time for recomblnation to take place is decreased’
at high frequency. Consequently for centres thatbhave a low
density in the electrode region the higher frequencies will
allow less recombination at these centres. Also the higher
frequencies may reduce the region of excitation because the
carriers canﬁot move a8 far, This will decrease the light
output from low density centres while for the majér centres an
increased density of excited centres will result., With this
model 1t 1is difficult to explain the large amount of light
observed upon reﬁersal of the polarity of a D,C. field, Since
the intensitj of emission is dependent on the number of holes

“which tunnel in and " :: this depends-upon the maximum applied .

field, the intensity observed during a polarity reversal should
be the same as the amount §f light emitted during a half cycle
of an alternating‘field; Cbnsequently some other mechanism
must be involved in this process,

Thus it 13 posgsible to explain most of the experimental

data with the electron and hole tunneiling model., A major
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problem lies in determining whether the electrode system will
allow electrons and holes to tunnel into the alkali halide from

opposite electrodes, or are electrons removed through one

electrode., Fischer (1966) has shown that the former mechanism
can be achieved but only with special electrode systems. It
1s interesting to comment that the electron and hole tunnelling

mechanism is the one that at present explains the electroluminescence

of ZnS powders suspended in a dielectric med lum (Fischer, 1963).
In such systems eleotroluminescence ls observed only under
alternating field excitation., The model assumes that there are
inclusions of CuzS in the ZnS particles which have been doped
with copper, The field around these conducting regions is
enhanced and electron and hole tunnelling into the ZnS occurs

on opposite cycles of the alternating field. Light is emitted

when electrons and holes recombine at activator centres. A
similar mechanism involving silver inclusions in pure AgCl has

been suggested for the electroluminescence observed by

Meczynska and Oczkowski (1968)., Howéver. it is difficult to
suggest possible inclusions that may occur in alkall halide
crystals, in particular the pure crystals.

The other mechanism that can be applied to alkali halide

crystals is that of 1mpact lonization. This mechanism is the
one used by Unger and Teegarden (1967) and Georgiobiani and
Solodivnikova (1968) to explain the electroluminescence observed

in pure KI and CsI(T1) respectively. In both cases such a
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mechanism was infered from the voltage dependence of the emitted

intensity and a Mott-Schottky barrier region was assumed.
Furthermore Unger and Teegarden (1967) assumed that the electrons
which are accelerated are Produced bj a tunnélllng pProcess from
the metal electrodes. |

It 1s perhaps worthwhile at this tiﬁe to summarise the
results of these two papers which stand as the only other
quantitative measurements of electroluminescence in alkali
halides., Both observed the same voltage dependence reported
here, Unger and Teegarden (1967)vreported that eleéfroluminéscence
was not observed with insulating layers between the crystal and
the electrodes while Georgiobiani and Solodovnikova (1968)
actually had a dielectric between the crystal film and one
electrode. Georgiobiani and Solodovnikova (1968) ébsérved the
intensity to be independent of the fréquency between 1 kHz and
100 kHz although their results do indicate that the intensity
was decreasing as the frequency was decreaéed from 2 kHz,
Measurements were not made below approximately 900 Hz, Unger
‘and Teegarden (1967) observed that electroluminescénce beceome:-
undetectable as the temperature was raised past the temperature ;
at which Vg centres became ﬁobile and also they indicated that
the light was emitted ftbm a reglon close to the electrodes,

The main reason for attrlbuting'the electroluminescence:
to impact ionization is becausé such a process can occur in |

lower average fields than most other pbrocesses, However, the
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model is complicated by the requirement»of some mechanism to
supply the accelerated'electrons. Normally thermal emptying

of shallow traps is proposed but such a mechanism would not

account for our observed temperature dependence. The suggestion.
of Unger and Teegarden (1967) was that these electrons tunnel
In from the electrodes, This mechanism itself depends upon the

field as E"1 in the exponentlal argument and so makes it difficult

to identify which is the dominanf.process. The observed voltage
dependence is obtained:from either process'by the.assumptionfof
a Mott-Schottky barrier region.

In the impact ionization model it is assumed that the
electrons in the conduction bend are accelerated to optical
energies where they can excite or ionize impurities and ﬁhe
lattice. Since the impurity excitation process will have a
smaller cross section than eilther of the lonization processes

the latter will predominate. Furthermore, since the impurity

centres have ground states close'to the topf of the valence

band, the most likély process is simply that of ionization of

centres having the highest density, so that lattice lonization

will be the most important kind of excitation in the impact ¥

ionization process., Thus this mechanism will produce a supply

of electrons in the conduction band and holes in the valence
band. These holes will then be captured at various centres as
in the radioluminescence process and recombination with

electrons gives the emission. In this way the emission spectrum
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observed would be similar to the radioluminescence spectrum,

To explain why an alternating field.is necessary te
support this mechanism some form of polarization must be
pProduced that limits the flow of charge carfiers. Polarization
effects due to the movement of_charge carriers are.observed

in mobllity measurements in alkalil halides (e.g. Hirth and

TGdheide-Haupt, 1969). The application of an alternating field

will remove any-sloﬁ polarization that does occur. The observed
pPhase dependence is compatible with the idea that there 1s seme‘
Process limiting excitation since the intensity peaks: before
the voltage peak, and it is possible that a polarization
mechanism is fesponsible. Experiments with D.C. fields would
allow a éubsfantial internal polarization to build up which
would be removed on reversal of the voltage polarity, giving
a large amount of excitation probably due to impact 1onization;‘
The observed temperature dependence on this model must |
be due to increased scattering of the electrons at higher
temperatures., As was discussed earlier, experiments on electron
mobilityvin alkali halldes show three types of scattering,
namely longitudinal optical mode scattering, acoustic'mode ;

scattering and impurity scattering. Seitz (1949) has shown

that acoustic mode scattering will predominate over longitudiﬁal,

mode scattering at higher electron energies. Thus, as already

indicated, the decrease in efficlency can be fitted with a T=*%

’dependence-characteristic of acoustic mode scattering'(Seitz,'f
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1948)., The level region of the temperature dependence can be
attributed to 1mpur1tj gcattering of the accelerated electrons.
Longitudinal optical mode scattering is probgbly too weak to
contribute, The Observed frequency dependence must be ekplained
as in the tunnelling model, that an equal number of electrons
‘must be accelerated for each voltage cycle; regardless of the =
rate of change of the voltage cycie. In this model the
internal polarization could 1limit the number of electrons that )
are accelérated;

Thus, as has been indicated, there appear to be two
mechénisms capable of explaining the observed electroluminescence,
However, to obtain the observed voltage dependence the models
must be coupled with the postulate that excitation occurs as a
result of a locally enhanced field at a Mott~Schottky barrier,
The work of Lehmann (1960) in 2ZnS showed that the Alfrey-Taylor.
relation could be obtained from a superposition of various
Destriau relations, equation (1.18). This removes the _
restriction of a locally enhanced field but is difficult to
Justify for alkall halide single crystals,

With regard to the possibility of a uniform field
throughout the crystal or én énhanced one at the electrodes it
is worthwhile conéiderigg experiments on the mobility of electrons
in alkall halides (e.g; Broanand Inchauspé, 1961; Ahrenkiel
and Brown, 1964), These experiments were performed with crystals

where the field was maintained between plane parallel electrodes
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that were usually considered to be blocking electrodes, that is
non-ohmic. Low voltagés were usédﬁg; such that the électrodes
behaved as 1f they were ohmic and a uniform field was maintained
across the crystal. Photocurrents produced by electrons released
from F-centres obey Ohm's Law at low.voltages. Experiments |
performed with higher fields in AgCl by Masumi (1963) and in
KBr by Mikkor and Brown (1§6?)‘showed deviations from‘Ohm's Law
such that the photocurrents were proportional to EO¢5 in AgCl -
and to E0’6 in KBr. This behaﬁiour was explained by the authors
in terms of 'hot electron' effects using the approach introduced
by Schockley (1951), Tﬁis theory is the same theory that was
used to treat impact ionization, giving the voltage dependence |
of equation (1.13)., This observation points to the possibility
of impact ilonization occuring at higher fields, in these
experiments care was always taken to work with small photocurrents.
This indicates thé possibility of polarization and space charge
effects if higher currents are involved. Also sihce the
electrodes in our experiments can be considered as blocking
electrodeskin our high field experiments it is likely that some
form of barrier region occurs. .

Thus, in conclusion; 1t has been shown that two possible
models can be 1nfargd from the.present data., Reference to
mobility experiments indicates that impact 1onizétion is a likely
‘process in alkalil halldes, While there is no’ collaborating ~
evidence in favour of the electron and hole tunnelling model,

Further experiments at lower temperatures may increase our
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knowledge of the system and measurements of the mobility of
electrons in these crystals should provide insight into the

possibility of impact ilonization,

3=2 Electrophotoluminescencé

In an attempt to elucidate possible effects of electric
fields in sodium lodide crystals experiments were performed

with crystals excited by Y-rays. For these experiments the

crystals were in the same'configurations as for ﬁhe electro-
’luminescenCe experiments but a’source of Y¥-rays was placed

elther in the crystal holder or beside one of the windows of

the cryostat that was nqt in use, It was observed that a voltage
applied to the crystals usually resultéd in a decrease in light a é
output from the various emission bands. This 1s illustrated o
in Figure 3-17 which shows a modulation of the light output
ffom a cfyétal under the application of a small alternating
field at room temperature. These results were taken for fhe

375 nm emission band in pure sodium lodide using the same

experimental'set up as for the observation of brightness waves,
Modulation with an alternating field was only possible at roomb(

temperature and with voltagés low enough not to cause

observable electroluminescence. Such observations were not

possible at liquid nitrogen temperatures where the electroluminescenc
mechanism is more efficient. Consequently field effects were
observed with only D.C. applied voltages at liquid nitrogen

temperatures while both A,C. and D.C. fields were used at room




Figure 3-17

Voltage modulation of the 375 mm enmission from Nal at room
temperature, excited by gamma rays

ceosoe NG apﬁliaﬁ voltage
coooo with a 500 Hz applied voltage
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temperature,

Pure Sodium Iodide

The 1argé§t effects of an applied fleld were seen 1n:
the case of pure sodium iodide. Figure 3-18 shows the emission
spectra of a pure sodium iodide crystal when excited by ¥-rays
at room temperature. Curve (a) is with no applied field, curve
(b) 1s for 2.0 KVDC applied field and curve (c) for 0.6 KVAC.'
This shows no observable variation in the 295 nm band but the
375 nm emission shows a large decrease when electric flelds‘
are applied to the crystal. The small peak at 440 nm shdws a
small increase with applied field. These spectra also indicate
that an alternating fiela is more efficient in the ﬁuenching
process., This 1s probably due to a polarization effect
reducing the bulk field in the case of a D.C., applied voltageﬁ;. )
Fig. 3-19 indicates the change in peak height of the 375 nnm énd‘ ‘
440 nm bands with increasing alternating field. The 375 nm band

shows a linear decrease with increasing voltage while the 440

nm band shows a linear increase in peak height with applied voltage, -

The emission spectrum for‘pure crystals at liquid nitrogen
‘temperature is shown in Fig. 3-20(a). Here the 295 nm emission i
band is comparable with the 375 nm band, 'With the application
of a D.C., voltage to the crystal a reduction in 1ntenéity of the v
295 nm and 375 nm bands 1s observed, Fig. 3-20(b), while the
440 nm band shows no oﬁsérvable variation., The variation of
peak height with applied voltage for the 295 nm and 375 nm bénds

is shown in Fig. 3-21 and again a linear decrease with increasing
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Figure 3-1i8

Emigsion spectra of Kal at room temperature, excited by gemme
‘ : rays

{(a) . no applied veltage
(b) __ » _ 2.0 EVDC applled
(6) mowe= 0,6 KVAC applied

(The speectra are shown uncorrected)
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Figure 3=-19

Variation of the emission intensity from Nal at room temgeramra:
I L0 nm
§ 375 nm
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PFigure 3«20
Emisgion spectra of Hal at 1009K excited by gamms rays
(a)
{(b) _e__ DsCo applied voltags

ne applied voltage
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| Figure 3;21 |
Variation of the emission intensity from Nal st 100°K
? 295mm
I 375 nm
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voltage is observed, A detailed analysis of the emission band
shapes of the 295 nm and 375 nm bands is shown in Fig., 3-22 andv
this indicates that there 1s no variation in the band shapes
(first and second moments), just a decrease in area (zeroth
moment ) 1ndioat1ng:a decrease in emission. This. observation
indicates that the field 1is not affecting the emission centre
itself but is altering the energy transport properties of the

crystal during the scintillation process.,

Thallium doped Sodium Todide

The effect of an applied field on the scintillation process
in NaI(Tl) was alsolinvestigated. Fig. 3~-23 shows the roon
temperature scintillation spectrum with am without an applied D.C.
field, Again a decrease 1in 1htenslty is observed in the main
emission band at 430 nm but the decrease in intensity is not as
pronounced as in pure Nal, It is not possible to observe whether
:there is a decrease in the emission from dimer centres at 330 nm.,
A small decrease in intensity 1s observed at LNT as shown in Fig.
3-24(a), The dependence of the decrease in peak height on applied
voltage 1is indicated in Fig. 3-24(b). Here the relationship does
not appear to be linear butithe statistics are not good enough

to draw any definite conclusion as to this relationship.

o

Optical Excltation

As a further investigation of the effect of the electric
field in pure and thallium doped sodium lodide, emission and

exclitation spectra for the crystals were taken.with‘and without
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Figure 3-22
Emission spectra of Nal at 100%K on an expanded scale

no applied field

° .. TeCo &??11%& field

o

{The spectra are shown uncorrected)
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Figure 3-23

Emigsion spectrs of NaI(T1) at room temperature, excited by
gepme IBys

\ no applied field
s .. DeCo applied field

L4

(The spectra are shown uncorrected)
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Figure 3-24 |
{a) Uncorrected emission spectra from Nal(Tl) at 100K

no applied voltage

o _ DoCe applied veltage

{b) Varistion of the intensity of the 430 nm emission

o4
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an applied field., With our present exc;tation system it was only
possible to observe the optical excitation of the 375 nm emission

in pure sodium iodide, . The emlssion intensity showed no effect

due to the electric field and the excitation spectrum, consisting
of bands at 230 nm and 260 nm (Van Sciver and Fontana, 1968),

did not alter when a field was applied to the crystal., 1In NaI(T1l)
it was possible to See'éxcitation bande corresponding to the A,

B, A' and B’ absorption bands and again no noticeable change in

intensity was noted in emissipn or excitation spectra. This is
in agreement with the work of Denks (1966)'and Denks and Leiman
(1968) who showed that a.field'did not affect the emission from
thallium and indium doped alkali halides when excited in A and B
bands; " However they did‘observe field effeéts when exciﬁing with
U.V. 1light in the C band of the thallium and'indiﬁm doped

absorption spectra and when band-to-band transitions were excitedo

Discussion

It is pertinent at this pOInt to summarise the reéults of

other workers who have observed electrophotoluminescence in alkali
halide crystals. First the work. of Zakharko and Triska (1965)

. showed a decrease in light output from NaI(Tl) when excitéd by

X-rays. They observed a linear decrease with applied field for
X-rays striking the crystal through the negative electrode and a"'f‘
more complex relationship when this electrode was made the anode,
Also the relative reduction decreased as thevXQray 1ntensity was

increased, The work of Denké (1966) showed fiéld effects for
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U.V. excltation of the thallium centre in the fundamental ab-
sorption region. In these experiments the crystals were excited
through a grid electrode and due to the hlgh‘absorption ceefficient
of the crystals in the fundémental region only a thin layer of
the crystal was excited. Under these conditions application of
an electric field showed a transient quression of the emitted
intensity. Taking the initial value of the sypressed 1ntensity'
reproduclible results were obtained. These showed that in KI(T1)
and RbI(T1l) the emission from the thallium centres was s@pressed
for excitation that produced band-to-band transitidns and there
was no effect for excitation in the thallium absorption bands or
the first exciton peak. For NaI(Tl) and CsI(Tl) a sypression
was seen for exclitation 1h the first exciton peak as well as for
band~to-band transitions but no effect was seen due to the normai
thallium absorption bands, In these experiments the effect of an
applied field can be explained as altering the movement of_electronsf
and, to a lesser extent, holes formed by band-to-band excitation.
These carriers can be removed from thé region of excitation,
decreasing thelr concentration in the luminescing region. In
KI(T1) and RbI(T1) exclitation in the first exciton peak does not
produce free carriers and hence no fileld effect is observed, but
in NaI(T1l) and Csi(Tl)ifhe excltons formed by absorption in the
first exciton peak nust be ionized producing free carriers,

Results similar to those of Denks (1965) have been.
observed for the intrinsic emission in pure KI at‘liquid nitrogen

temperature by Onaka (1966) when the crystals were excited in
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the band-to-~band region. However a study by Onaka et al, (1967)
of NaCl(Ag) showed an enhancement of the Ag+ emission bands

exclted by band- to-band transitions when an electric field

was epplied to the crystal. The enhancement 18 explained by
the assumption that the free electrons produced are not only
moved by the field but actually accelerated by the field.

These accelerated electrons excite centres by coliislon as

envisaged in electroluminescence processes, Further resﬁlts by

Denks and Leiman (1968) show quenching of emission in KBf(Tl);

KI(T1), KBr(In) and KI(In) when excited by band-to-band

transitions and also when ekcited in the C absorption band . This

latter effect is explained in the same way as that for band- to—'fxu'

band excitation since excitation in the C band leaves the

electron in a 1P1 excited state that can easily be thermally

ionized which produces free electrons. |
Finally electrophotoluminescence experiments by Stella

and Gustinetti (1969) on KCL(KI) showed an enhancement of the

430 nm emission at room temperature. This emission was shown

to be due to the capture of a hole by an F-centre'by Timusk and
Martienssen (1962). The enhancement in this emission seen by *¢.

'Stella and Gustinetti (1969) was found for excitatioh in the

X exciton region. The classification of the reaks 1in the

fundamental absorption region is made from the work of Baldini
and Bosacchi (1968) and Roessler and Walker (1968), To explaln

_ these results Stella and Gustinetti (1969) proposed that the
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electric fleld ionized the X excitons formed leading to an
increase in the number of free holes present in the excitation f

reglon and hence giving an increase in light observed due to

'the process of an F-centre capturing a hole.
It is possible to explain the effects of an electric
field, with the exception of those of Onaka et al. (1967), by
a slight modification of the theory proposed by Denks and

Leiman (1968), Here we must consider the possible excitation

and recombinatibn processess-

(1) an exciton is created which then transfers its energy
directly to a radiative centre which produces this centre's
characteristic emission (2) electron-hole pairs are created
during excitation which then diffuse separately to an activator
centre, Emlssion 1s only observed afﬁer a centrevhas trapped :
an electron and a hole in any order. " An electric fiéld is
considered to be able to affect only the motion of separate
charge carrlers and thus only process (2) 18 influenced. Now

this latter process may be further subdivided. (a) Unimolecular

Recombination. This means that a free electron must recombine
with the hole created by the same photon at some recombination

centre. (b) Dimolecular Reécombination. This allows for the

possibility of a free éiectron‘recombining with a hole from a
different electron-hole pair. Competing with these processes
18 a trapping process for electrons and holegs at various

trapping centres and such a process méy emlit 1light characteristic
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of the trapping process, Thus it is pqssible to summarise the
various processes as followsi=-
exciton—«»(activator)*—~—activator emiséion (1)
electron + hole —.(activator + electron) +'h§1e—*~(activafor)* )
(activator + hole) + electron activatér emission
- (2)
electron—=electron trap—epossible emission during trapping (3)
hole —— hole trap —o— possible.emission during trapping (4) ; .‘
When a field is applied 1t‘tends to separate the electrons and‘ |
holes thus increasing the probability of processes (3) and (4)
at the expense of proCess (2). Cohsequently the experiments
which monitor the activator emission see a reduction in intensity
while the work of Stella and Gustinetti (1969), observing |
light emitted via process (4), shows an increase in observed
intensity. The experiments of Denks and Leiman (1968) provide
good confirmétion of the abové mechanism. They observed é fleld
effect for excitation in the C-band of Ti* and Int., This |
produces the system of_a hole trapped at the activator centre
and an'eiectron that'can be freed from the centre. Now it can
recombine at the centre or be trapped via process (3). So with °
the field helping process (3) a decrease in activator emission
is observed. As the excitation intensity is increased a
reduction of the fleld effect 1s observed and is attributed to
a transition from unimolecular to dimolecular recombination |

kinetics. This means that the electron traps become lonized
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activator centres and process (3) actually becomes identical

with process (2),

Our present experimental results are consistent with

the model proposed by Denks and Leiman (1968), In the case of
NaI(Tl) the effect 1s smaller than 1n'pure Nal and can be

- explalned in terms of the thallium centres being most -efficlient |

in capturing electrons and holes. This is the reason that

NaI(T1l) is a very efficient scintillator. In pure NaI at

room temperature the centres responsible for the 375 nm
emission are the predominant activator centres participating

in the sciﬁtillation process, Application of a field reduces
the intensity of the 375 nm emission but 1ncreaseé the 440 nm
emlission., This we can interpret by proposing the 375 nm
emission occurs through process (2) while the Mbo.nm emission

1s due to process (3) or (4). At liquid nitrogen temperatures
the 295 nm intrinsic emission is observed besides the 375 nm
emlission and both show a decrease in intensity upon application

of an electric field. Thus both of these emissiore are excited

via process (2) and application of a field increases the
probability of processes (3) and (4). No increase of any

emission is observed at liquid nitrogen temperature which means

these processes are eiﬁher radiationless or the emission
efficiency is low. A subsidiary experiment on a pure crystal
showing an appreciable A440 nm band at room temperature did

indicate that the emitted intensity at 440 nm was low at liquid
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nitrogen temperatures. Consequently the centre producing
the 440 nm emission can still be acting through process
(3) or (4).. One final point 1s that the work of Denks (1966)
indicated that excitafion into the first exéiton peak in - |
_ NaI(Tl) still produced a field effect. This complicates the
?rocess since the fleld affects proéess (1) to break up the
“exciton giving an electron-hole pair and then process (2) musf-

be involved in recombination. Howéver 1t is difficult to

- estimate how much this‘contributes-to the emission process and
it may be concluded that the electron-hole process is the mosﬁ

important in tﬁe scintillation process,

3-3 Thermoluminescence and Decay Curves

Excitation of the crystals by a sudden reversal of the

applied voltage produces a large emission of light that slowlyl
decays (see Fig. 3-16). Also this form of excitation at low
temperature populates the trapping states that are thermally

stable at that temperature., Consequently, Increasing the

temperature of crystals excited 1n this manner produces glow
curves, Excitation of the crystals with alternating fields at
.low temperatures produced weak'glow peaks when the crystal's:

temperature was increased, indicating that trapping did occur. .

_An analysis of the decay curves gives a measure of the ' o
traps that contribute to phosphorescence at that temperature and
glow curves give information of traps that are stable at that

temperature,
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- The decay curves were initially analysed assuming that
first order kinetics were involved. That is that the decay

curves were composed of a sum of exponential decays as given

in equation (1,23), In this analysis a leasht squares fitting
program developed by Wall (1968)vwas used, However difficulties
were found with this method of ahal&sis because consistent
values of the time constants for the decays involved were not

obtained. This situation occurred even though the'Chi-squared

analysis indicated that the fits were a good representation of
the data, Two éxplaﬁations of this result are possible. First
it is possible thaf because of_the méde of excitation considerable
Joule heating occurs and~thus the decay curves were not taken
at a cénstant temperature. Secondly 1t may be necessary'to
invoke second order kinetics to explain the observed decays.
- In the former case no analysis is possible but the data can be-
analysed in terms of the latter explanation.

Fig. 3-25 shows a decay curve obtained at 100°K and is
plotted as the logarithm.of the intensity versus_the logarithm

of the time measured from the time of excitation. This indicates
that the decay on this type of plot can be represented by a ¢

straight line of slope ~-1.3. As was indicated in the introduction

the normal analysis of second order decays usually requires
that this slope be equal to -2, However, Curie (1960) has shown
that this is only a special solution to the general second order

equationstand the index in the denominator of equation (1.30),




Filgure 3=25
Decay curve of NaI{Tl) at 100°K on & log-log plot
ﬂ (1 channel = 6,67 sec)
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.and thus the negatiﬁe slope of the line in Fig. 3-25, can differ
from 2. Consequently the decay curves observed at 100°K follow

second order kinetlics or a temperature effect makes it impossible

to identify first order decays}v Decay curvéé obtained between
100°K and 300°K followed this pattern although in some cases a
combination of_an initial second order decay with a final

exponentlal decay was observed., For the purpose of studying

the trapping of charge carriers the analysis of glow curves
gave more information. \

| Fig. 3-26 shows a,fypical glow ¢urve'obtained from pure
NaI with the monoéhromatOr setbto look at the 3?5Anm emission
band. Thisvshows that there afe two main glow peaks between
1b5°K and 2959K when the crystals were excited'by a field
reversal at 100°K, These peaks occur at temperatures of‘134°K
and 187°K. Other smaller peaks also are detectable at the |
approximate temperatures of 1759, 205°K and 245K but these
peaks were too small to allow any analysis., Excitation with

gamma rays at low temperatures gives the same glow curves.

Experiments'with'Type 1 crystals with the monochromator set at
500 nm revealed two prominent peaks which again occured at IS

134°K and 1879K., No glow curves were observed when the

monochromator was set to observe the 295 nm intrinsic emission.
This 1s to be expected since Vg centres are mobile at 580K
according to.Mufray and Keller (1967) and so at temperatures

above this they move through the lattice until they remove an
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Figure 3-26
Tyrpieal glow curve for Nal
enisglion intensgity of 378 nm band

o . temperature

105




 Temperature (*K)

300
4200




106

electron from an activator centre, 1eav1ng an lonized centre.
Kaufman and Hadley (1968) report a glow curve at 599K which

they attribute to this process in NaI(Tl).‘ Thus above this

temperature Vg centres do not exist for longer than the time
required to diffuse to an activator centre once the source of
excltation has been removed. Therefore in pure Nal two main

glow peaks are observed which give emission in the impurity

emission bands., Consequently these peaks can be assigned to
some defects of the pure lattice which supply electrons_or holes
to impurity centres 1n_the crystal.

Experiments were also performed on NéI(Tl). Fig. 3-27
shows a typical glow curve for the 430 nm emission in NaI(T1)
between 105°K and 300°K after the crystél had been excited by

a field reversal at 100°K. Peaks are observed at 1349K, 166°K,

187°K and 238°K. The same peaks are observed after the crystal
has been excited by gamma rays. It is interesting to note that
two of these_peaks correspondvto peaks observed in pure Nal for

the impurity emission bands, This strengthens the hypothesis -

that these peaks result from the release of electrons or holes
from defects that are properties of the pure lattice. - The glow*‘

peak at 166°K may be the same a8 the small one in ‘the region

of 175%K in Fig. 3-26 but the large peak at 238°K must be
associated with the addition of thallium to the pure crystal.
Possibly the 166°K peak may also be associated with thallium

centres. A study of the lifetimes involved in the radio-

luminescencé process by Wall (1968) between 180°K and 300°K



FPigure 3«27
Typical glow curve for Hal(Tl)
emission intensity of 430 nm band

o . temperature
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indicates three discontinuities in the temperature variation
of the lifetimes observed in NaI(Tl) (0.11 mole % thallium

‘which 1s the same nominal concentration as the crystal used in

the present experimenﬁs.) These occured at i98°K, 2400K and
273°K, Undoubtedly the discontinuity observed at 240°K can be
associated with the glow peak aﬁ 23é°K, providing further
verification that this glow peak 1is associated with thallium

centres in NaI(T1l).

The four peaksAobserved in the wvarious gloW’curveé were
analysed to determine the trap depth Ae and the frequency factor
s defined 1h equation (1.19), The analysis ﬁas performed using
the leading edge method (Nicholas and Woods, 1964) to determiné PR
the activation energy of each peak using equation (1.34). The '
problem of Qverlapping peaks was removed by performing an |
excitation at a temperature just below each peak such that a
clean leading edge was obtained. The peak at 167°K appeared fo.i'
be composéd of more than a single peak and the activation .

énergies for this peak were not reproducible. The value of

the frequency factor s was determined from equation (1.27)
which involves the glow peak position T* and the heating rate. #

This equation is valid for first order kinetics and so must be

regarded as only a rough estimate of the frequency factor which
is-all that can normally be obtained. The results of the
present measurements are presented in Table 3.1 along with

results of earlier work in Nal and NaI(T1).




Table 3-1

Authors Glow Peak Ae
Temperature (ev)
T (OK) )
134 0.34 + 0,03
Present 166 ——
Work 187 0.42 + 0,03 9
238 0.44 ¥ 0,03 | 7
“Bonanomi 114 0.30
and 138 ' 0.38
Rossel 119 0.37
(1951) 140 _——
: 150 | v ———
Bonanomi 115 0.35
Rossel 148 : 0.53
(1951) v o
Sharma 140 ——
(1956) 170 . _—
Lyskovich 120 R
Chornii 140 ' ——
and 160 -—
Guseva 220 : ——
(1965) 290 _—
Shamovskii 145 ——
(1966) 265 o —

- 325 —
Lyskovich & 120 —
Chornii (1967) 140 e
Kaufman & 59 ‘ ———

Hadley 105 .
(1968)
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Discussion

As can be seen from Table 3.1 it 1is difficult to compare
the thermoluminescence results of various workers, The main
problem in making such a comparison is the different heating
rates 3 used by various workers. As can bg.seen'from equation
(1.27) for a given trap the temperature T#* corresponding to the
maximum of the glow peak is a function of the heating rate B.
Therefore only if ﬁ 1s quoted is it possible to.comparé glow
curves. Only the results of Bonanomi and Rossel (1952) include‘
the heating rate and the thermoluminescence peak positions
quoted are with a heating rate that is approximately the same
as used 1n the present experiments (approximately 0.,06°K/sec).
The heating rate used by Kaufman; and Hadley (1968) can be
estimated from their data to be approximately 0,039K/sec, OFf
these results, the glow peaks observed by Kaufman and Hadley
(1968) 1lie outside the range of the present experiments and so
- only those of Bonanomi and Rossel (i952) can be used to make a :
comparison, Most llkel& the glow peak they observe at 1389K 1sg
the ‘same as that obServed by this author at 134°K. The thermal
activation energies for these peaks agree within experimental
error but there are discrepancies in the frequency factors,

' AS was mentioned before, the measurement of the frequency factor
1s difficult to perform with brecision. The peak observed at
148°K by Bonanomi and Rossel (1952) 1is probably hidden in the
leading edge of the peak at 166°K which would account for the
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difficulty in obtaining consistent activation energies for this
peak. The traps that produce the peaks at 115°K probably empty

even at 100°K and so this peak 1s not to be expected in the

present data. The peak at 115°K observed by Bonanomi and Rossél
(1952) probably is the same as that observed at 105K by
- Kaufman and Hadley (1968),

In an attempt to explain the various glow peaks that

can be observed in Nal that is doped with various impurities,
’Kaufman and Hadley (1968) have associated the glow peak at

590K with the temperature at which VK centres become mobile;
Murray and‘Keller_(1967)lreport that this temperature is 589K
from studies .of the reorientation of Vg centres, Light is
emitted when the Vg cenﬁre, which is essentially a hole ﬁrapﬁed‘,
in the lattice, moves to a T1® centre, that is a T1*t centre

that has trapped an electron., This process was deséribed in
equations (1.4) and (1.5). The glow peak at 105°K is attributed

| to.the release of electrons from T1° centres and their

recombination at T1*t centres as described in equations (1.6)
andi(l.B). This mechanism would also lead to a decay curve .
at this temperature that obeyed sécond_order kinetiqs as was ¥

observed. This is because the electron released from the T1° .

centre must find a T1++ at which to recombine and produce
light. There is opportunity for retrapping at a T1% centre as
the electron moves through the lattice and so second order.

kinetics apply to the decay, Shamovskii (1966) indicates that ‘
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a possible mechanism responsible for the glow peak at 2650K is
the release of holes from T1tt centres énd their recombination

at Tlo_centres. Our'present results indicate that the glow

peak at 2359K is caused by thallium centres and the mechanism
suggested by Shamovskii (1966) would be a possible explanation.,
To explain the two other main glow peaks observed at

134°K and 1879°K a mechanism involving the Nal lattice itself

" must be considered since these peaks appear in the various types.
of sodium lodide érystals. The work of Townsend et al, (1967)
considered the observable glow peaks in relatign to the lattice
parameters of alkall halides, They observed correlations between
the temperatures of the glow peaks and thé 1att1ce parameters

of various alkali halidés., These correlations indicate peaks

in NaI would be expected at approximately 609K, 130°K and-iSOOK.
Thesé'they attribute to H-centres (two halogen ions at the site

of a sihgle halogen ion), a hole trapping defect and an electron

trapping defect, probably an F'-centre, respectively. However,

these assignments are very speculative but they do indicate

that intrinsic lattice defects are to be expected to produce
glow peaks in the region observed.. | -

Therefore there are four major traps in NaI(Tl) that

produce glow peaks between 100°K and 295°K, Only one (235¢K)
can be directly attributed to thallium centres while the
remainder are due to lattlce defect centres and these produce

giow peaks in nominally pure crystals. The activation energies

of three of these traps have been'measured.
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CHAPTER IV

- CONCLUSIONS

4.1 Electrophotoluminescence

The radioluminescence spectrum of nominally pure Nal
‘and thallium doped Nal was observed in relation to an applied
'electric field., At both 100°K and BCOOK the effect of the

electric field was to reduce the intensity of the main emissién

- bands while an enhancement of one of the minor bands 1n'§ure
NaI was also observed. The field effects have been explained
using a modification 6f the mechénism proposed>by Denks and
Leiman (1968) which assumés that free electrons and holesbare-'
created in the scintillation process and the applied field
alters the probability that direct recombination of an eléctron
and hole will occur. The field causes the electron to move
farther through the lattice giving a greater probability to
various trapping processes., These trapping processes may |

produce 1light which would account for the increase in one

emission band. The reduction 1h intensity appears to be
linear with applied field and this 1s in agreement with the e

theory of free electron mobilities where the mean distance an

electron moves, or Schubweg, 1s proportional to the appllied

field., A study of the time constants in the scintillation
process as a function of applied fleld would provide further

insight into this process.
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-These experiments were originally performed to possibly
provide information about the internal fields, Since the

scintillation process can be assumed to be a bulk phenomenon

the fact that field effects Were observed sefves to indicate
that substantial fields do occur in the bulk and are not
completely concentrated in a barrler region., Also these fields

do affect the movement of free charge carriers, The observation

that an alternating field reduced the emission more than an
equivalent D.C. field does indicate the possiblility of an

internai polarization occurring in the latter case which reduces:f'
the field in the bulk of the crystal. This polarization is due

to the movement and subsequent érapping Qf free 6harge carriers.
and these charge darriers are probably involved in producing

the large amounts of: light observed when the polarity is

reversed.

4-2 Thermoluminescence

The thermoiuminescence experiments served to show

that the effect produced by reversing the polarity of a D.C,
applied field did populate the trapping'centrés in NaI that
were stable at the temperature of exclitation. These trapping

states were also populated in the alternating fileld electro-

luminescence process indicating a simllarity between these ;

processes.,

The results indicate that at least three trapping centres

exist in pure Nal that are stable at 100°K and are characteristic
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of the pure lattice. A fourth trapping centre that produces
a glow peak at 235°K 18 associated with thallium centres in
Nal crystals. A discontinuity in the time constants of the
NaI(Tl) radioluminescence at thils temperaturé (Wall, 1968) can
be associated with the fact that this trapping centre will be
effectivevbelow this temperature, consequehtly removing an
energy transfer process.

The thermal activation energies associated with three
of the glow peaks were evaluated and are listed in Table 3-1.
. Comparison with the results of other workers indicated that
only one of the peaks had been analysed previously and the
values of the activation energy for this peak were in agreement,
The present calculations of the frequency factors were roughly
in agreement with previous values since the erroré involved in
these results allowed the frequency factors to vary by up to -
two orders of magnitude., This is becauée the analysis of glow

peaks 1is not sensitive to the value of the frequenCy factor.

L-3 Electroluminescencé

The resulté presented here are the 1n1tia1 observations
of electroluminescence 1n;sod1um fodide single crystals. This
emission was pro@uced;by exciting the crystals with a high
voltage alternating fiéld. The emission spectra observed
from the various sodium iodide crystals studied were remarkably
similar to the radioluminescence spectra'due to gamma rays.

From this it is inferred that similar procésses are involved,
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that 1s the recombination of free electrons and holes that
have been produced by some excitation mechanism. Indeed this

statement may be extended to include the same mechénlsm pro-

ducing the free@elections and holes, namely'impact 1onlzaﬁioh
by high enefgy electrons. ' However it is nbt obvious if the'
analogy can be extended that far. |

In the present work two mechanisms have been discussed

with regard to explaining the exberimental observations,

namely electron and hole tunnelling from the electrodes and
excitation by impact ionization. Both of theée mechanlisms can
account for most of the experimental obsefvations. However

the observed effects with reversal of the polarity of a D.C,
field are compatible w1£h the impact ionization mechanism only.‘
The‘derivation of the obsérved’voltage dependence of the
emission intensity provides a difficultf with both'the proposed
mechanisms and thls problem is unresdlved 1n‘many electro- |
luminescence systems where the Alfrey-~Taylor relation is

observed. A Mott-Schottky barrier region is usually proposed

to overcome this difficulty. The electrodes used in the present
investigations were blocking electrodes and undoubtedly a o

barrier region does exist bétween the electrode and the crystal

which can be assumed to be similar to a Mott-Schottky barrier.
The observed voltage dependence is then explained as due to
the number of electrons tunnelling through such a barrier

region. In the impact ionization model it is these electrons:
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that are then accelerated to optical energies,

The results of the electrophotoluminescence and the
thermoluminescence experiments must also be included in a
discussion of the possible electroluminescence mechanisms,

From the electrophotoluminescence reeults it is clear that a
substantial fleld exists throughout the buik of the'crystal

and that such a field can influence the motion of charge
carriers. There is also evidence of a polarization build up
due to_the motion of charge carriers when a D.C., field is
applied which is necessary to expiain the emission observed
when the polarity is reversed, These results favour the impact
lonization model. Thermoluminescence measurements show that
there are several stable trapping oentres at low tempe:atures
where the luminescence process is more efficient., However
these traps are only populated after some form of excitation
has occurred at low temperatures. Thus they are populated by
the electroluminescence process and do not supply eledrons |

- that are aoceleratediin the conduction band. The electron

and hole tunnelling mechanism depends upon the holes being
trapped and so this mechanism would predict a strong temperature
dependence in the regions of the various glow peaks, A |
~ variation is observed tn the region of only one glow peak and
taken as a whole this can be considered as evidence‘against the
electron and hole tunnelling mechanism. |

Therefore it must be concluded that impact ionization
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is the most likely mechéniSmnresponsible for the observed
electroluminescence.i This mechanism 19.1n agreement with the
experimental observations and also experlments on electron
mobilities in high fields do indicate effects that are related
to this mechanism. Experiments to study the electron mobility
in these crystals are suggested as a promising approach to
provide further 1nsight into the luminescence process together‘”
with the study of electroluminescence of alkali halides at |

lower temperatures,
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