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It is shown in a brief discussion that current theories do not
explain the observed variation in the log of the intensity (B) with
temperature for zine sulphide type phosphers continuousgly excited with
ultra-viclet radiation.

The way in which the temperature coefficient of tha phosphors
depends on the silver and nickel concentrations is discussed. 1% is
algo shown that the temperaturs coefficient depends on the nature of
the base metrix. This is changed by the addition of cadmivm sulphide
and‘%y varying the conditions under which the phosphors are prepared.

1t is found that the curves of log B v's 1/T can be normalized
in a simple manner. In the process of the normalization a relationship
is developed between the superlinearity of the phosphors to ultra=-violet
excitation and their temperature coefficient, An empirical equation,
B/I = 1/ [c) exp(=Py/T) + Gy exp(=Py/1) + 0,] & is fitted to the log

B v's 1/T curve.




This thesls eontains no material which has been accented for
the avard of any other degres orf diploms in any Universzity and, %o the
best of my knowledge and belief, this thesis containg no materisl
nreviously written or publisghed by ancther person, except where due

raference is made in the text of the theslis,.




It has been known for many years that the luminsscent efficlency
of econtinucusly excited sinc sulphide type phosphors has a strong tem-
perature da@%ﬂdeﬁc@1. However at the present time it is not nossible
to prediet the shape of the curve of tha log of the luminescent intene
Qityk of the phosphor as a fﬁﬁe@ian of temperature. The purpose of
this work is to study the effsct af'impuritiﬁs and the method of pre-
paration on the log B v's T curves of zinc sulphide type phosphors in
order to be able to predict such quantities as temperature coefficient.

Results similar to some of those discussed here have been report-
ed previsualyz’a. However these revorts have been incomplete and it has
been necessary to prepare phosphors in complete serles se that all the
preparation conditions might be knowm.

Two current theories of temperature guenching will be discussed
and it will be shown that these theories appeser to be inadequate.

The influence of temperature on luminescent efficiensy is supposed

In order tﬂlb@ consistent with the related literature the tarnm
"luminescent intensity” will be used throughout this thesis. However
it is considered that the correet term should be "luminanee®,




POTENTIAL ENERGY

CONFIGURATION CO-ORDINATE

FIGURE 1. CONFIGURATION CO-CRDINATE MODEL OF

AN ACTIVATOR CENTRE

POTENTIAL ENERGY

A

CONFIGURATION CO-ORDINATE

FIGURE 2. CONFIGURATION CO-ORDINATE MODEL OF

A KILLER CERTRE




3.

to arise from a competition between various energy relesse procssses
within the phosphor. A method by which these transfers can cccur has

4’&&@ 3@1%25. A curve of the type propossd for an

heen proposed by MHott
activator centre is illustrated in fipgure 1 page 2 by plotting the
potential energy of the centre against a configuration co-ordinate.
This configuration coeordinate is a function of the positions of the
constituent atoms. The absorpbtion proecess is repressnted by the trane
sition AB and the radiabive process by the transition CD. However, a
competing non-radiative process, (ED, can be thermally activated. This
~oceurs when sulficient energy, A B, is oblained by the activator centre
for the excited state to overlap the ground state at the point E. The
energy released in this process appears as thermal ensrgy rather than
luminescence.

With this mechanism the transitions will be pr&daﬁinantly radie
ative at lov temperatures and non-radiative at high tewnerabures. This
is qualitatively in accordance with the general behaviour of the phose
phors whenlhaateﬁ. |

| Figure 2 page 2 shows a situation where the return to the ground
state is not sccompanied by photon emission in the visible region and
most of the energy is dissipated as heat, Centres which give rise to
this type of noneradiative transition are usually ealled killer centres.

In the case shown in figure 1 page 2 if L centres are excited per

emB per sec then, when eguilibrium has been reached,

L = pLa + pﬂa | —{1)
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the number of exelted ﬁentras/QEE
3

whare

o
]

P, = the probability per em” per sec for an excited
centre to return to the ground state with a
radiative transition.

Pg = the probability per amB‘ygr sscond for an
excited centre to reburn té the ground state

with 8 non-radiative transition.

Hence, if the luminescent intensity is B photons per cmB ner sec, the

guantum efficiency of the radiative process is given byt
B/L = FL/(PL+%). {2

Singe the probability of finding an excited centre in a vibrational
state o E above the minimum is proportional to exp = A B/kT then,

assuming that P is not affected by the temperature,
B/L = 1/fi + const. exp(=aA E/kT)] ——{3)

Since, in this model, the rates of hoth the radiative and non-radiative
trangitions are proportional to the rate of exmitatimﬁ it has no effect
on the temperature dependence. Also the luminescent intensity of a
phosphor which obeys this model is a linear funection of the excitation
intensity. However the luminescent intensity of zine sulphide phosphors
is, under certain conditions, a superlinear function of the execitation

intensity e Also, as has been shown by Klasens”, equation 3 does

not give a good fit for the curve of log B v's T for zine sulphide type




‘phosphorsa,

9210 has analysed a two level model with a filled scti-

Elagens
vator level near the valence band and an empty killer level near the
eonduction band, A disprammatic reoresentation of this model is shown

in Figure 3.

CONDUCTICN BAND

S

Killer Level

Activator Level

ANNNNN

VALENCE BAND

FIGURE 3. DIAGRAMATIC REPRESINTATION OF THS ELASENS TWO LEVEL MihYL
The conclusion reached by Klasen is thats

U = B+ D% exp(~B /4T)

where D = ponste
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ulbra-violet excitation intensity

b el
i

#

luminescent intensity of the phosphor

an activation energy dependent on both the activator

)
i

.aﬂﬁ the kKiller.
k = Boltzman's constant
T = tempersiure (°K)
r = 1/superlinearity of the phesphor at high tamy%?éﬁuras.
The superlinearity at a given temperature is defined
as the ratio %§§F§‘at that bemperature. This will be
discussed in gresater detail in section 4a pages 58 to
634
Provided the efficlency of the phosphors at low tempsratures is
-approximately egual to unity then, if 3@ is the luminescent intensity
at low tempersiure, B@ = U,

Henget

B, = B+D8" oxp(-E /). —(5)

Thus a plot of
log [(B/8)" = (B/8)'"] vts.1”" (6

should zive & straight line with a slope-E /k.

A graph of this function for a [Zn(237)cd] St 148 x 1&‘?&@;
&0 x 10'éﬂi; 2+0% WaCl phosphor Fired at 595°C for 45 min. in oxygen
free nitrogen, which ig typical of the phosphors prepared during this

work, is shown in Figure 4 page 7.
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FIGURE 4. Log [(*g') - (-éﬁ-) ] v's 1/T for a
[

 [en(23%)cd) 85 148 x 10724gs 690 x 107ON1s 2°0% NaCl phosphor
fired at 595°C for 45 min. in oxygen free nitrogen.
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The activation energy given by the straight line section of this
curve is OedbeVe In this case the augﬁrliﬂﬁariﬁy‘was measvred at 14008
and was found to be equal to 2 {i.e. v = &), Ourves were drawn using
values of "r? other than ¢, bubt in 21l eases the deviations fron linsar=
ity were in the samze dirsction as 1s shown in Figure 4 page 7.

It can be seen therefore that the squation derivsd by Klasens is
not applicable over the complete temcerature range. It will be showm in
Section 4a thal the curve of log B v's ¥ hag the same basic shape for
all the @haﬁgharg studied during this work. This means that, because the
curve obtained in Figure 4 page 7 is not a siraight line, Klaseng' analy=

gis doses not despribe any of the phosphors exanmined during this work.
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s INSTRUMENTATION

This can be divided into two partss
(a) The furnace used to prepars the phosphors.
(b} The apparatus used to measure the tempersture ccefficlent of the

ph@gphays.%

The furnace consigted of a Kanthal wound silica tube placed ina
metal box and insulated with diatomsceous earth. The temperature of the
furnace waz held just below the operating point by passing a continuous
current through the windings. The small additional current reguired to
bring the temperature up to the opsrating point was conbtrolled by a
temperature controller. This controller was opesrated by a chronel-
alumel thermocoupls placed in a thin welled silica tube in the centre
of the hot zone directly above the position occcupied by the centre of the
boat in which the phosphor was fired.

With a constant heating current the variation in the furnace

&
This apparatus had been constructed in these lsborstoriss some time
before the commencement of this works However, for gcompleteness, a
brief descristion of it is imcluded.
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temnsrature over a dlstance of 4 inches {which was greater than the
length of the boat used to hold the phosphor) was about . 4% at 600%¢.
This was measured using a chromel-alumel thermocouple and a potentionmeler,
iIn zddition there was s i 3% swing between the %on" and ¥off" cycles of
the controller. A further I 4°C wae allowed for possible misalignment

of the boat and the thermocouple. I1 follows that the temperaturs of

the phosphor was controlled, throughout its volume, Lo belier than 1%
during the firing periocd. The nett effect on the properties of the
phosphor intreduced by this variation was small because the maximum bemp-

srature coefficient varied slowly when the firing temperature changed.

This is shown in Figure 11 page 24.

4 bloek diagran of the apparatus used to measure the tempsrature
coefficient of the phosphors is shown in Figure 5 paze 10,

The phosphor was excited by 2 250W high pressure mercury arc lamp
operated from a stahilizsd D.C. mobtor generator. The eurrent through
the lamp was set for the optimm opersting condition. lowever wvariations
in the sre wers nob complebely eliminated. The Eéiﬁg line wag isolated
by a Hilger quartz monochromator and its intensily was éﬂjuﬁted by vary-
ing the glit width, The intensity was set with reference to a tungsten
lamp which was run at a constant current. A& green filter, type VG6, was
placed in front of the phetomultiplier %o reject any scattered ultra-
violet radiation (U.V.)e Couseguently in order to adjust the U.V, inten-

sity its wavelength had to be changed for it to be transmitted by the




FIGURE 6. felative spectral sensitivity of the detector system of
the apparatus used to measure the temperature

coefficient of the phosphors,
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13.
filter, This was achieved by placing a thick wad of filter papers,
which are effectively pure cellulose, over the vhotemuiltiplier housing.
The intensity of the 1umiﬁ%gc@§aa of these papers gave a measure of the
U.V, intensity, The paners used wers of the highest quality in order to
engsure good bateh to batch uniformity., Over %hé region of interest the
brightness oubtput of the filter papers wes fournd o be a linear functlon
of the U.,Y, input. In order to measure the swerlinearity of the phosw
phor the radiation from the monochromator was atbenveted, at a frequency
of 1 eps, by a 024 ahsorptance neutral éemﬁiﬁy filter, which eliminated
the errors which would have arisen due to inacecuracies in setding the
UoVas impubt and thoss due to variations in the intensity of the lamp
during a measurenent.

The output of the vhosphor, after passing through the green file
ter, was detected by a photomultiplier. | |

The relative spectral sensitivity of the filter-photomultiplier
combination is shown in Figurs & page 12. The peak of the emission spece
trum of several typieal phosphors is also shown. When the phospher is
nested the peak of the emission spectrum shifts 04 te 1~@‘§/@E towards
longer waval@ngthgaq. It can be seen from Figure & thai, over a range
of 1@G@K, this would have only a small effeet on the shape of the log B
vis T curve.

The oubput from the photomultiplier was fed through a logarithmie
amplifier, having its output calibrated in db, to the pen (Y-axis) of an
X-I recorder. The currsnt in the photomultiplier was proportional to

the intensity of the light falling on it. Hence, because the output of




1o

the photomultiplier was recorded in db, the recorder read in units of

10 leg {%fﬁa}a. Thisg meant that o Qhaﬁge of 1 dseade in the luminescent
intensity of the phosphor gave rise to a change of 20 b ai the recorder,
he phosphor sample was slurvied with 2 small amount of delonized
vater and then placed on a copper block and allowed to dry. The block
was heated by passing a current Lhrough two spring leaded carbon contacts
or cooled by a streawm of cold, dry sir, obtained by boiling liquid air.
The temperature of the block vwas moniteored by a copper-constantan thermnoe
couple soldered into the block close to the @h@é@h@f. The theramocouple
output, alter linesvization and amplification, was fed into the drum
amplifier (X-axis) of the I-¥ recorder. The apparatus, therefore, plote
ted the logarithm of the luminescent inbensity of the phosphor (in db) ;
against temperature (in °C).

Henee the curves had the form:

|

20log(B/B) £{7). (7}

Qh&ﬂging o natural logs,

i

201n{B/B ﬁ)/z»g £{T), -y |
bBifferentiating,
2048/2+3 BAT = af(T)/oT. e §)

But, by definition,

temperature coefficlent = A B/BAT R—1)
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and hence = 2:348f(T)/2046T s 11)
= 1150 £(T)/a /%, —(12)

Thus, by measuring the slope of the curves drawn by the apparaitus, the
temperature coefficient could be easily ecaleulated.

The temperature coefficient of the phosphors iz negative, bub,
for simplicity, the sign will, in general, be ilgnored.

The linearity of the bemnerature scale of the recorder was checke
ed by placing the copper block in glyeerol ab 0% axd warming it slowly
to 140°C. The greatest difference between the true temperature, as
measured by a mercury thermomeber immwersed in the glyecerol, and that
indicated by the recorder was less than 13°C.

The eslitration of the logarithmie aﬂnvért@r was checked by using
two 50 db decade attenuators, in series, as the input to ths converter.
This ecalibration was checked frequently and kept adjusted so that the
deviation betueen the true value and the value as indicated by the re-
corder was less than 0+5 db. The useable range of the converter was
about 55 db. However, it was possible to extend the range over which the
luminscent intensity of the phosphor eould be measured. This was done by
ad justing the vcltagé across the thotomiltiplier, thus changing the oub-
put of the 1aéarithmi¢ aanvér%@r at a given intensity of the standard
lamp, This brought the converter back into its operating range. Using
this method it was possible to measure the luminescent intensity of some
of the phosphors over as much as 5 decadag,

when working at very low intensities the dark level of the asppara-




FIGURE 7, Log B v's T for Zn(ﬁB%)ﬂd H 1 8 % 16 BAg% 2 G% w%
fzr@d at 595°C fer zero min. in an aﬁmcsphare cf oxygen
free nitrogen. OCurves are shown for various values of the

o
sxeiting 3650A radiatian.
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FIGURE 8. Log B v's T for [an(23%)cd s: 1+8 x 1073
Ags 60 x 10-6Ni: 2:0% NaCl fired at
»’59500 for 45 min. in an atmosphere of
oxygen free nitrogen, Curves are
shown for various values of the

)
exeiting 36504 radiation, .
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tus had o be taken into aceount. The apvroximate dark level for variscus

values of the Y.V, input i ghown in Table 1.

U.V. input (db) Dark level (db)

~20 | 68
;3ﬁ ~78
Xs) =54
=50 | g8

TAHLE 1 The value of the dark level of apparatus used to
measure the temperature coefficient for warious

values of the U.V. input.

The dark level was partly due to smell phosphor parbticles lodged
in various parts of the photomulitiplier housing. This would explain the
variation in the dark level with the U.V. input. Soms contribubion to
the dark level could come from the luminescence of various parts of the
photomultiplier housing. Some of the luminescence of the housing was
absorbed by a U.G.2 ilter which was placed over the prism in the appar-
atus in the manner shown in Figure 5 page 10,

Typical curves drawn by the instrument are shoun in Figures 7 and

g on pages 16 and 17.
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The phosphors were prepared from luminescent grade zinc and cadw
wium sulphides. The silver, as silver nitrate, nickel, as nickel chlor-
ide, and sodium chloride flux, all of analytical reagent grade, were
added as aqueous solutions. The water used in the preparation of these
solutions was firgt distilled in glass and then deionized,

The flux and eadmium econcentrations are ewpressed as mole % and
the aetivator and killer concentrations as mole parts of the basic zing=
cadmium matrixe All the coneentrations are those added before firing.

The zine and cadmium sulphides were thoroughly ground and mixed.
They were then slurried with the appropriate amounts of activator, kil-
ler and flux solutions. The slurries wers dried in air at about 160%.
They were then ground and mized, using an agate pestle and mortar, bee
fore being placed in an open silies boat. The phosphors were fired in
lots of about 5 grams.

A1l glass and silica wars used in the preparations was first
washed in hot aqua regia and then thoroughly rinsed in deionized water,

After firing, the phosphors had a thin rind vhich luminesced less
brightly than the bulk of the sample. This rind was scraped off and dig-

carded, GCrinding, which decreases the maximum tempersturs coefficient of




the phosphore, was avolded after the phosphors had been fired.

Zinc sulphids phesphérs are very sensitive to impurities, so, to
guard against scecidental contamination and to check that the preparation
technique was kept constant, several phosphors wers dupllieated at dif-
ferent times during this work. Although some small variations in the
luminescent colour and intensity of the reproduced phosphors were obe
served, the maximun t%m?araﬁur@ coefficients usually fell within X 107
of the previous value. This value was sdopted as the eriterion of g
satisfactory preparation and so when a best it curve was drawn through
a get of points of the mazximum temperature coefficient v's some varie
able, e.g. silver concentration, the maximum acceptabls deviation of a
point from the curve was o 108 of the maximum tempersturs cosfficlent.
The few phosphors that did not satisfy this criterion were discarded
and the preparation was repeated. The Z 10% variation from the mean
value probably arose from two main causess
{1) S8light variations in the technique of preparing the phosphors.

(2) Experimental error in measuring the maximum temperature coef-
ficient of the samnles, particilarly in assessing the gradient
of the gurves.

The few phosphors whose maximum temperature coefficlent fell oube
gide this allowad variation were probably aceidentally contaminated

during thelr preparation.

The effect on the temperaturs coefficient of varying the silver




FIGURE 9. Maximum tmpemtum eeeﬁ’ieien‘b vis ailver concentration
[&n( 23% )m] S: x Ags 2003 HaCl firai at 595 % for 120
min. in oxygen free nitrogen.
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concenbration was Tound by preparing several phogphors with the general
formila [2&(23%)6@]3: ¥Ag. The silver concentrationg ranged from 0 %o
FAEA 1%‘2 mnole parts. The phosphors were all prepared using a 2 mole %
Fall flux.

The furnace conditlens were kept constant throughout this series
at 590 X 25%C. (At this time the furnace was wired so that the temperature
eontrollier switched the full furnasce current. It was not until later it
was rewired so that only a small proportion of the current was switched.).
The phosphors were fired for 120 min, in a strean of dry oxygen fres
aitrogen. They were then allowed to cool in the furnace 1o a temperature
of ahout 31§0§ This took approximately 1 hour,

Figure 9 page 21 shows a graph of the maximum temperature coeffic-
ient against the silver concentration. It can be seen that the maximum
temperature coefficlent rose steadily with inereasing silver concenira~
tlon.until it reached a limiting value of é-ﬁ%/gﬂ at approximately
1 % 107> nols rarts of silver.

Another effect which oceured when the silver aanaeﬁ%ratiﬁﬁ w8
inersased was a shift towards shorter wavelengths in the peak of the
em ggion spectrum of the phosphor. This shift arpeared to ocour until
the silver doncentration resched about 1 x 1%"3 mole varts. This shifd
would not affect the shape of the leg B v's 7T curves, but would cause a
ghift in the origin along the intensity axis. Thig observatlon ls con-
firmed by the emisslion spectra given by Lavaraaz12, The increase in ths

maximum temperabure is probably due to the gorresponding decrease in the

effective energy gap betwsen the valence band and the activator level.
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The spectral emission curves given by Leverensz show only a single
oeaks. However, this could be because the shift in the emission peak of
approximabely 15 when the gilver concentration ig inersased from zero
%o 51 x 107> nole parts is smaller than the half width of the emission
band, which is at spproximately 88&2. This ghift could therefore have
arisen becsuse of competitlion bebwsen self-petivated and silver activaied
emission processes. This ls shown dlagramatieslly in Figure 10 page 206.

However, these levels would be sufficiently close together to be
considered as a single level whose position, with respect to the velence
band, depended on the silver concentration. Assoclated with the level-
ling of f of Pigure 9 was a decrease in the luminesvent efficieney of the
phosphors. There was also a change, from pale yellow to dark grey, in
the ecolour of the phosphors urder white iight, This eould be bscause
the base matrix hsd become ssturated with silver snd any sdditional sile
ver did not go into the solid smlszimag « Alternatively at high eilver
concertrationg centres that absorb vin the visitle could be formed,

An interesting feature of the log B v's T curves is the temper-
ature (Tm) at which the maximm tempersiure coefficlent cceurred at a
given value of the U.V. input. Table 2 givéa the value of T at

<40 b U.V. input for various silver concentrations,




FIGURE 11, Maximum temperature coeffieient v's firing temperature of
[za(237)cd] 2 148 = 10™%age 240 NaCl fived at 2°C for 120

min. in oxygen free nitrogen.
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Lepy

Silver Congentration Tm{aﬁ) at =40 db UV, input
{mols parte)
0 96
502 % 1077 112
102 x 1074 9%
2e5 x 1074 93
246 x 1074 91
5e2 x 1074 92
797 x 1074 84,
102 x 1072 93
102 x 107 97
502 x 1072 98
192 x 107% 95
4°0 x 1072 85
hed, 5 1077 83
AVE 93
L

TAZLE 2 Tm at =40 db U.V, input for vhosphors with the genersl
formulae [7n(23%)0d]S: =x Ag: 2°0% NaCl fired at 595°C

for 120 min. in oxygen free nitrogen.

it can be seen from the table that Tm is practiecally constant and

80 1s independent of the silver concentration,




26.

CONDUCTICN BAND

S

3e25eV
2°L5e7 237eV
d v Self=activated
Silver Level 4 -_ Level
VALENCE BAND

FI1G. 10 Diagramatic representation of the silver and self

activated energy levels.

Figure 11 page 24 shows the variation of the maximum temperature
cosfficient with nominal firing temperature for [Zn(23%)cd]s:
18 x TG‘BAgx 2°0% HaCl phosphors. These phosphors were fired for 120
min. in a stream of oxygen free nitrogen and allowed to cool in the
furnace Yo approximately 315%.

This was also done uging a firing time of 45 min.

The results showed that as the firing temperature was increased

the maximum temperature coefficient decresased. Also there was a
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reassonably sharp cub off at thg‘lQW'ﬁew§@ratura ende This occurred st
the point where the phosphor no lenger activated, probably because the
temperature was too low to allow the silver to diffuse imﬁe the lattice.
The lack of activation was indicated by the failure of the phosphor to
luminesce.

Associated with an ineresse in the firing temperature was a des
ereass in ?m. Thisg is shown in Table 3, which inclules phosphors pre-
pared using two different firing times viz. 120 min. and 45 min. It
alse inelwles phosphors with different zincecadmium ratios. In all
cases the silver concentration was about 18 x 10> mole parks. The
values given are for =40 db U.V, inguﬁ.

Zine sulphide can exist in either of two erystalline modificate
ions viz. cuble, which is the low temperature modification, and hexagon-
al, which occurs at higher temperstures. ﬁawéver cadmium sulphide
exists only in the hexaponal form at all usefu@vcryﬁtalizaﬁian bemper-
aturag, ‘

Ballentyne and 3&31& hav&yéheWn, éﬁiﬁg phosphors preparel at
1100°¢ and ?@Oaﬁ, that at law'eaémium'auﬂaentratiaué the phosphors ave
a mixture of cubic and hexagonal structures. Thayvalas showed that at
the lower temperature there was a higher pércentage of the cuble struc-

tures Figure 11 can therefore be axpla%n@d by assuming %hat as t%s
‘ firing temperature inecreased there was a gradual transition from the
cuble to the hexagonal 3hructuré. It must also be ﬂ&éumad that the
hexagonal silver activated zine &ulgh;éa type ;@asphar has a lower

temperature coefficient than the corresponding cubic form with the same

cadmium content.




Gomposition | Firing time | Furnsce Temp: | Tm(ﬁC) at =40 db ULV,
(mole % Cd) {min) (%) | input
. S i ,
23 120 527 105
636 : g6
595 (ave) | 93
620 103
€70 | 27
749 ' 60
45 1 595 100
(I | 81
28 | 50 9%
| 675 83
752 73
50 | 45 - 526 | 9
599 %0
£75 70
s | 46
¥ 4 | s 100
| 725 117

TABLE 3. T et =40 db Uu¥. input for phosphors with the gensral formu-
lae [zn(x)cd] St 1+8 x 107 Ags 250% NaCl fired at y°C for

Z wmine -

Also, if it is assumed that ‘I’m, for a given U.¥, input, is lower for




FIGURE 12. HMaximum tempsrature caafficiant_ v?é fiﬁr%g tﬁ_;ﬁa of
[En(23%)cd) 8¢ 128 x 10™%4gs 2008 NaCl fired for x min,
in oxygen free nitrogen. Curves for firing temperatures
of 598°C and 748°¢ are shown. |
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the hexagonal structure, the figurss given in Table 3 can be explained
in & gimiler manner. It ls obvious that further experimental &videaee'
is required to confirm this theory.

in attempt vas made to measure the eubic to hexsponal ratio of
these phosphors by uging a ymlarizingymiereaeape to measure the mmber
of anigotropic particles. However no effect was observed, possibly be=
cause any effect sould have been obseured by light scatiered by the
particles.

It may be possible to eliminate the seattering by embedding the
particles in a medium of sultable refractive index,

Other possible ways of measuring the cuble-hexspgonsl ratio are
X-ray diffraction and the electronic paramsgnetie resonmance technique

that has bsen deseribed by Aven and Paredl >,

To find the effesct of verying the firing tims, at a given
furnace temperature, a series of phosphors with the general formuls
[Zn{%ﬁ%)&ﬂéh 18 x 1@”3égz 2+0% NaCl wes prepared., Piring temper-
atures of 598%C and 748%C were used.

The furnace was preheated to the required firing temperature
and then the boat, conbalning the phegphor, was pushed inte the fur-
nace and locsted centrally in the hobt zone. When the boal wes
inserted the indiested furnace temperature decreased by aboub 3003.

To compensate for this the heating surrent was ineressed. The firing
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tize was taken from the time when the furnsce temperature was gbout 2%
below the required firing tespersture. The heating current was then re-
duced to its operating value. The time required for the furnace temper-
ature to reach its operating value was spproximately 5 min.

When the phosphor had been fired for the required time it was
allowed to eool in the furnece to a temperature of approximately 315%c.

The vniformity of these phosphors, even with zere minutes firing
time, was equivalent to thal of the phesphors prepared with longer
firing times.

(2) Hesults

It can be seen from Figure 12 page 29 that the maximum temperature
goefficlent of the phosphors decressed when the firing time was increased,
Also the ratio maximusm temperature coefficient at zeroc minutes firing
time/meximum temperature coefficient at 120 min. firing time was, within
the limits of the experimental error, independent of the firing tempers
sbure for the two temperatures considered hare.

It can be seen from Table 4 that Ty ig, more or less, indepéndent
of firing time.

The variation in the maximum temperature coefficient with firing
time was found to be independent of the silver concentration. This was
found by preparing two self-sctivated phosphors with the composition
[2a(23%)cd] 83 2°0% WeGl by firing them at 598°C for 120 min, and O min.
respectively. The ratic maximum temperature geoefficlent at O min. firing
time/maximum temperature coefficient at 120 min. firing time was the same

for both the self-activated and silver activated phosphors.
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Firing Time Furnace Temp. T (%) at =40 db U.V,
{(min) (%) input
120 (ave) 598 93
45 i 595 | 101
30 598 | 101

10 | 598 83
0 598 88

0 | 598 | 93
120 749 60
45 743 81
30 | 742 65
10 742 69
0 745 &7

TATLE 4. T at -40 db U.V. input for [zn(23%)od] 1 198 x 107 Ags

2+0% RaCl phosphors Tived at x°C for y win,

(3) Discussion

During this series 1t was observed that the average particle size
‘of the phosphors decreased when the firing time was decreased., A series
of commercial zine sulphide tyz::\e phosphors (';:‘otaineé from Derby Lumin-
escents Lid) had been separated in thess lsboratories, by sedimentation,
into partiecle size ranges and the maximum ﬁ@mga@fatum coefficient of
each range was measured. The ranpes used wers less than Ty 1=2u,

Beed Q/wanﬂ greater than 1@}; ¢« It was found that the maximum btemperature




FIGURE 13. Maximum tempersture coefficient v's firing temperature of

 [n(g)od)ss 148 x 107 Ag: 2:05 WaCl fired at y°C for 45
win. in oxygen free nitrogen. Curves are shown for

cadmium concentrations of 0, 23, 28 and 50 mole Fe
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coefTiclent was independent of particle size except for the smallest
particles. Thess were discarded because many of them had failed to
sctivate,

It would be expected that there would be some evaporation of the
phosphor couponents during the Tiring and that the amount evaporated
would depend on the Tiring time. Therafore two phosphors were presared
in eapsuleg thalt were s%aéu&ﬁﬁd, filled with dry oxygen free nitrogen
and then sealed off, These eapsules were firved at 595°¢ for 45 mine and
0 min. respectively. It was found that, although thers could not have
been any evaporation of the phosphor components, the ratio maximum tempe
srature coefficient at zero minutes firing time/maximus temperature
coefficient at 45 min. firing time wae very nearly the same as that
obtained for phosphors fired in an open boat., There was, however, a
small difference in the gbsolute values of the maximum temperature coefw
ficlentes between the encapsulated and uneneapsuleted csses. This will be
discussed further in Seetion 3g page 45, where it will be suggested that
this differsnce was probably due to a small percentage of oxygen being
ineorporated in the phosphors prepared in the open boats.

Because the ratio maximum temperature coefficient at mero minutes
firing tims/maximum temperature coefficient at 120 min. firing time is
independent of the silver concentration it appesrs that the variation in
the maximm bemperaturs coefficient with firing time was depéndent on &
lattice effect rather than an impurity effect. A lattice variation could
cause a change in the recombination mechanism, This appeared to be

supporbed in the case of the self-activated phosphors by the phosphores-




FIGURE 14. Maximum temperature coefficient v's cadmium coneentration

for 45 min. in oxygen free nitrogen.
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cent decay., The self-activated phosphor fired for zero minutes hed no
observable phosphorescence but that fired for 120 min, had g fairly
long deecay time (i,e. of the order of seconds). This effect indicated
the presence of alestron traps in the phosphor that was fired for 120
mif.

Becsuse the maximum bemperature eoefficient was measured under
equilibrimm corditions, the thermal relesse of electrons frem these
traps would not have any significant effeet on it. Howevar, the sppear-
ancs of these traps could be associated with some change in the mechane
ism causing the log B v's T curves. It may be possible to obtain
further infermation on this point by measuring the rise and decay times
of these phosphors. This affeei “a8 not apparent with the silver acti-
vated phosphors. However, the addition of the silver may merely shorten
the time constanis involved in such & way as to make the effect unchaerw
vable to the waided sye.

A further interesting effect was that the colour of the phosphors
under visible light depended on the firing time. The self-achivated
phosphor fired for zero min. was white while that fired for 120 win, was
pale yellow. For the unencapsulated, silver activated phosphors the
polour changed from grey to yellow-grsy. In the case of the encapsulated
phosphors the colour changed frem white to grey. It appeared therefore,

as if some type of centre which absorbs in the visible was Tormed,

Several phosphors, with the genersl formls
[Zn(xﬁ)célﬂz 18 % 16"3Agz 2+0% FaCl, were prepared at firing temperatures
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between 525°C angd 750°C. Firing times of 45 min. and 120 min. were used.

Four compositions (0, 23, 22 and 50 mole % ecadwium) were studied
a%@r a range of furnace temperatures and two compositions (12 and 32
‘mcle % eadmium)} were studied using a firing temperature of 675%.

Figure 13kpaga 33 shows the variation in the maximum tempsrature
coefficient with firing ﬁ@mgeraﬁura for four zine-cadmium ratios. The
firing time used was 45 ﬁiﬁ; in an stumosphere of oxygen free nitrogen.
It can be seen that each of these curves has the characteristlies that
were discussed in relation to Figure 11 page 24. .Tha low temperaturs
eut off shifts to lower temveratures when the Cd concentration increases,
The approximate cut off ls indicated im4ﬁigur@ 13 page 33 by the low
temperature end of the curves. In 8ll cases a phosphor was fired at a
temperature that was too low to allow it to activate., This is nrobably
because the addition of cadmium sulphide to the base matrix allows the
silver to diffuse into the labtice at lowsr temperature. This ides is
supported by the "Tammann principle®, which relates the temperature at
which diffusion starts to take place to the melting point of the aaliﬁ1%
ﬁecaﬁae cadmiuﬁ sulphide has a lower vaporization temperature than zine
sulphide it would be expscted that pﬁmsphérs with a high cadmium content
would activate at a lower temperature than those with s lower cadmium
content.

Pigure 14 page 35 shous the‘maximam temperaturs coofficient
against the cadmiumTﬁ@mﬁentrati@n for a?ﬁerieé of phosphors fired at

675, This curve has two turning points, a minimum at about 12 mole %




FIGURZ 15, YMeximum temperature coefficlent v's nickal conceptration
e .3 .
of [zn(232)0d] S: 148 x 10™4gs x Mis 2¢0% Nacl fired at

595°C for 45 min. in oxygen free nitrogen.
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FIGURE: 16, T, V's nickel concentration for [En(?l%} 81

198 x 10" 4g: xWiy 2°0% FaCl fired at 595% for

45 min. in oxygen free nitrogen.
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cadmium and a2 meximum at about 30 mole % eadmiiﬁa.

vhen considering the effeet of varying the cadmium concentration
several factors must be taken into acecount.

Any change that may occeour in the energy gap between the activator
band and the valence band (6 E) would be expected to affect the temper-
ature coefficlent. It was found in Section 3b pages 20 te 25 that when
the silver conesntration incresses the corresponding decrease in A E is
accompanied by an increase in the maximum temperature goefficient while
Tm remains constanb.

L« Drodz and Ve Lewmhinw

s using emission and absorption spectra,
have found that, over the range of cadmium concentrations considered
here, A & decreases when the cadmium concentration inereases. These
measurements were carried out on self-setivated phosphors. It iz prob-
able that a similar effeet ogecurs for silver activabed phosphors. It
would be expected thersefore that the decrease im & E would affect the
maximum temperature coefficient and Txa in the manner discussed above.
It has been suggested in Section 3¢ pages 26 to 30, that when
the hexagonal content of the phosphors inecreases, both the maximum temper-
ature coeffieient and Tm decreases. A. ﬂraebenm has shown that increasing
the cedmium coneentration, at a given firing temperature, increases the
hexagonal eontent of the phosphor. This would be expected to cause a
sorrespording decrease in both Tm and the meximun tempersture cosfficlent.
Table 3 page 28 shows that T, does decrsase when the cadmium con~

centration is ineresgsed st a given fiving temperature.

However, it is difficult to explain the double peaked nature of
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Figure 14 page 35 as a combination of these two effects. This could be
associated with an observable phosphorsscence thalt ocourrad with the
10 mole % ecadmium phosphors, but which did not cecur to any significant
extent with any of the other eadwium concentrations considered herve.
Apseociated with the phesphorescence was an inerease in the rise time of
the 10 mole % cadmium phosphors, A4s has been previously discussed in
Section 3d pazes 34 and 36, this effeet could be associated with a
change in the mechanism of the leg B w's T affect.

| Previously it had been assumed that whem there was a mixture of
cublie and hexagonal structures th%'yhosyh@r congisted of some mieroery-
stals that were cuble in structure and some that were hexagonal. Howeven,
if it is assumed that at low cadmiwm aanéaaﬁratiana a single microcrystal
is part cubie and part hexagonal, then the straing inbroduced into. the
lattice dus to this may give rise to the trapping levels associanted with
the phosphorescence. Bvidence of this type of structure has been found

by T, Koda and S. Shionoya ' .

17 found

It ie interesting to note that L. Brodz and V.L, Levshin
that a plot of the luminsscent intengity of the room temperature selfe
activated emission band against (4 concentration has two turning peints.
Thes= peoints are in approxizately the same p@sitian,gs those deseribed
above. They also found that these turning points were absent when the

phosphors were prepaved by firing them at 1200°C where the phosphors

would have been completely hemagonal in structurs.

The effect of nickel, which gives rise to killer type centres, on
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the meximum temperature coefficlent was found by preparing a series of
phosphors with the general formuls- E«Zn( 23%)&3:[ 38 18 x Q'G”ﬁﬁg; xﬁiﬂlgz
204 HalCl, fffzem phosphors were fived for 45 min., at 5%‘3&, ina
gtream of dry oxygen free nitrogen and then ellowed to ool in the fur-
nace to approximately 31 5%.

The meximum temperature gosffiglent increased from 620%/%¢, which
was the value without sny killer, to a meximum of 9+5%/ %G, whieh occurred

at approximately 60 x m“’é‘

mole parts of nickel. When the nlekel con-
centration was increased beyond this value the maximm temperature soef=-
ficient deoreamsel. This ia shown in Figure 15 page 38.

Associated with the ingrease in nickel concentration was a mono=
tonic decreasse in T, as is shown in Figure 16 page 39.

The luninescent intensity of the phosphora st T, for =40 db U.V.
input, showed a slight decrease with increasing nickel concemtration wp
to 60 x 10‘"‘& mole parte of migkel, Beyond this consentration the lumin-
eseent intensity decreased more rapidly.

Although the transitions assoclated with killer centres are
usuelly deseribeld as non-radiative 1t may be possible to find an infre-
red transition associated with the nickel centre. Alsc it has been found
by ﬁ@ogenahmatanw thet nickel produces traps in sinc sulphide typs
phosphors. Information om these two effects could help clarify the

mechanisn of killsr centres.

The phosphors discussel previously were fired in a sbreanm of

oxygen free nitrogen. Nitregen was chosen because it provided a convens
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ient inert atmosphere, thus elimineting oxidstion. Howsver, many of the
phosphora deseribed in the literature were preparsd by firing in air
using a covared crucible. Using this method it would be diffiecult to
elther estimate or contrel the oxygen conbtent of the phosphors.

The effest of oxygen was investigated by firing a phesvher, with
the general formuls [Zz&( 33%)9{3] 8: 1°8 x 1@"‘%&@: 5¢8 x w"%; 2+0% Mall,
in an atmosphere containing e knowm percentage of oxygen.

4 length of thermometer capillary was placed in the nitrogen line
and the flow rate was ecalibrated in ec/min. fer~varicﬁa prassures, asg
indicated on ths outlet gauge of the nitrogen cylinder. The flow rate
was calibrated by passing the gas into a buretts, which contained s small
amount of detergent solution, and measuring the time required for the thin
detergent films formed to pass through a known volﬁme. Beeause a larger
range of flow rates was required for the oxygen a mumber of caplillaries
were calibrated. In this way the pressure on the oxygen outlet sould be
kept sufficiently high (about 30 pe.s.i.) for stability to be obhained.
The flow rate of the gas, or mixture of gases, was kept eonstant at 60cc/
min. The oxygen content of the gas ls expressed as a percentapge, by
volume, of the éaa mixture.

It can be seen from Figure 17 page 44 that as the oxygen content
of the gas increased there was a gradual rise in the maximum temperature
coefficient until a maximum of 10e4%/°C was attained. This ocecurred
when the oxygen content of the gas was sbout 8%,

During this series it was found, ueing an oxygen analyszer, that

there was a small oxygen content in the atmosphere which had been




FLGURE 17. Haximum temperature coefficient v's % of oxygen in the .
atmosphers for [an(23%)cd] 85 18 x 1@”3&@: 6°0 x 10701
2+0% NaCl fired at 595°C for 45 min. in an atmosphere
vhich was a mixture of oxygen and nitrogen. The oxygen

content is expressed as a % by volume of the atmosphere,
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previocusly described as oxygen fres nitrogen, This amounted to less
than 0+15%., It can be seen from Figure 17 page 44 that any small varie
ations that might have ocecurred in this oxygen concenbration would have
iny\aﬁ inglpgnificant effect on the maximum temperature coefficient. Bew
esuse there was no oxygen in the nitrogen at the furnace inlet, the oxy~
gen conbant was asswsed to be due to:

{a) Possible leaks around the bungs at the ends of ths furmaée.

(b) Diffusion of oxygen through the walls of the furnace.

Also some oxygen could be introduced into the phosphor by the air
which must have been itrapped betwesn the finely sround phosphor particles
when they were being placed in the silica boat prior to being placed in
the furnace for firing.

This susll oxygen content could explain the difference in the maz-
imum temperature coefficients between the phosphors that were fired in an
open hoat and those which were placed in siliecs capsules; svacuabted and
£31led with éxygeﬁ fres nitrogen before being inserted into the furnsce.

.ﬁh@ incresss in the vayximm temperature coeffielent with inereag-
ing oxygen content could be because the oxygen increasses the sclubllity
of silver in zine sul?hiﬁagﬁ, with a correspending decrease in A E. The
decresase in 4 © cannot be easily related to a change in the emission
spsctrum because when the oxygen concentration in the zine sulphide ine
ecreases there is a decrease in the band gap. This decrease has been
nessursd by Erceger and Eikh@ffgj, This regulitg in a ghift in the
emigsion spectrum towards longer wavelengths. To measure any change that

occurs in & E it would be necessary Lo measurs both the emission and
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absorpiion spectra. It would be sxpected that this change would be
small and so it would be diffieult to detest.

The sharp decrease in the meximum temperabure coefficient vhen
the oxygen content of the atmosphere exceeds 8% is probably due to the
presence of zine oxide in the final phosphor as opposed to small numbers
of oxygen atoms substitutlonally replaeing the sulphur in the lattice.
This would give a log B v's T curve in which the luminescent intensity
of the phosphor is due to the sum of the intensities §f the original
zine~cadmivm sulphide phosphor, now comtaining some substitutional oxygen
and & small pereentage of zine oxide. The nett effect of this on the
log B v's T curve is shown in Figure 18 page 47 which is for a phosphor
fired in an atmosphere containing 34°8% oxygen. It can be seen that, be-
cause the zine oxide has a much lower maximum tesmperature coefficlent

(about 2+6%/°C) than the zine-cadmium sulphide phosphor, beyond 50°C the

luminescenes of the phosphor, at =30 db U.V¥,. input, is due mainly to

zine oxide.

When the luminescent intensity of the zine oxide is grester than
that of the zinc-codmium sulphide phosphor at a temperature less than Tos
then there is a decresse in the maximum temperature coeffiecient.

The scatier in the points for oxygen concentrations greater than

5% was grealer than usual. This was because the effeet of zine oxide on

the curve made the maximum temperature coefficient more difficult to esti-
mate. | |

The uniformity of the samples prepared using an atmosphere contain-
ing a percentage of oxygen was equivalent to that of the phosphors

which have been discussed previously.
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?mm 18. Lag B vts T far [maa%)aa] st g x 1@ Bﬁgz 6-0 x m“’m:
a-a% ﬁaul f’irw at 595% for 45 mn; in an aﬁmﬁsphere ef'

nitrogan &nﬁ 34-*8% exygan. T}.w .. mpat is =30 éb.
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It ecan be seen from Figures 7 and & pages 16 and 17 that ths
ghapes of the log B v's T curves appear to be gimilar. If thig isg the
case then it should be possible to normalize the curves in such a way
that they all become coingident. It would then be possible to fit a
general sguation to the curves.

The curves used in the normalization were sll measured over the
maximum possible brightness range by adjusting the photo-nultiplier
potential, as wes discussed in Seetion 2b page 15. |

Beesuse it would be expected that any eguation that could be found
to fit the curves would contain an expression of the form 1/exp(-AB/kT),
the eurves were replotted with log B - log U v's 1/T. Figure 19 page 49
shows a ourve of log B - log U v's 1/T for a [3&(23%)%}8; 108 x 1@"3&@
640 x 1@’6 Wiz 2+0% NaCl phosphor. In one of the cm%l two sets ;:}i"r
polnts are shown, one set is & replot ;af the recorded ourve and thes other
set takes into account the approximate dark level. It can be seen that
the gurves become linear for low velues of 1/T and that, within the limits
of the aﬁ:eﬂmantal error, the slope of the lines is independent of the

UuVe imput over a range of 30 db in the U,V. imput.




FIGURE 19. Log B - log U v'a 1/T for [in(23%)ed] 55 148 x 107 hg:
600 x 1070811 207 NaCL fired at 595% for 45 min, in
oxvgen free nitrogen. Gurves for various values of the
36532 exeiting radiation are shown. Both the experimental
points and the points obtained after allowing for the

estimated dark level are shown on the =50 db curve.
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To normalize the ecurves szeveral steps hed to be takens

{1) The curves were made linear with respeect to the U.V. input. Thet is
the curves were shifted along the 1/T axis until the curves of log B
- log U v's 1/T beceme coincident.

(2) The slopes of the linear section of the curves were normalized to a
constant valus,

(3) Because the curves shift bodily uwp and down the 1/T scale due to var-
istions in the composition, the origin of the 1/T scele was adjusied
to maks the ourves co-incident. This ghift is the one which has been

discussed previously as the varlation in TE with composition.

It can be seen from Figure 19 page 49 that a shift in 1/7 will

make the log B = log U v's 1/T curves coinecident for a particular phos-
phor. The smount by which the curves had to be shifted wes found by
plotting log U v's 1/’.’[‘m for all compositions. This was plotted by teking
a horizontal line, through the curves of log B - leg U v'a 1/T, which
pasaged through the points T x~?m at all walues of the U.V, inmput. This
point has no particular physical significance; it was selected hecause
it was relatively sasy to locate g1l the curves. The plot of log U v's
1/Tm is shown in Figures 20 to 24 pages 51 to 55. It can be seen that the
points lis on a series of straight lines. The slopes of these lines are
ghoun in Table 5 page 56. It can be seen from this table that the aver-
age slops, A', ig =1e45 z 19”§ 1/QK db and that this is relatively inds-

pendent of the phospher composition. However, the intercept of these




FIGURE 20. 1/T, v's log U for [mn(23%)0d]8: x Ags 2-0% NaGl fired et

595% for 120 min, in oxygen free nitrogen. OCurves are

shown for silver concentration of 0, 5¢2 x 107%, 12 x 107

]

and 52 x 10" mole parts.
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FIGURE 21. /T v'e log U for [mn(232)ed] 81 148 x 10 2ags
2+0% HaCl fired ab %G for 120 min. in oxygen
free nitrogen. Curves are shown for firing

temmeratures of 527, 600, 670 and 749°C.
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FIGURE 23, 1/1;‘m v's log U for fgn{x%)c:d] 8¢ 18 x 10‘3Ag;
2°0% NaCl fired at 595°C for 45 min. in oxygen
free nitrogen. OCurves are shown for cadmium

congentrations of 0, 28 and 50 mole %.
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FIGURE 22,

1/1, v's log U for [an(235)0d] 51 1°8 x 1074gs
2°0F NaCl fired at 595°C for x min, in oxygen
free nitrogen, Points are shown for firing

times of O, 10, and 120 zdn.
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FIGURE 2 1/T_ v's log for [in(237)0d]8: 108 x 104g:
x Niy 2+0% NaCl fired at 595°C for 45 min. in

oxygen free nitrogen., Curves are shown for

nickel consentrations of 0, 5°0 x 107,

b

6°0 x 107° and 2¢5 x 107 mole parts.
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56.

Phosphor Series 8lope of ‘thsza linasﬁ

log U v's T/Tm x 10
S8ilver concentration b : =t e75
(mole parts) 5.2 x 1074 ~1e35
102 x 1072 | 1035
5e2 x 1672 | ~1220
Firing time (min) 120 =130
10 =130
o ' <1215
Firing temp. (%) 527 ~1970
600 N R¥A
670 i wlefl
749 : =140
Cadmium composition 0 =160
{mole parts) 28 =155
50 =1240
Nickel concentration o =140
(mole parts) 5°0 x 10~ , w130
620 x 107° 1970
205 x 107 1065
AVERAGE s

TAILE 5. T at =40 db U.V. input for [an(x%)cd]S: y Ags 2 Mis 2¢08¥acl

fired at 2°C for b min. in oxygen fres nitrogen.
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lines with the line 20 log U = =40 db depends on ths composition and
preparation conditions of the phosphor, as has been previously discussed.

This, therefore, pgives the following equationge

/T = 204" log U+ B —{13)

Co U= exp(A/T - BA) —(14)

where B depends on the composition and prevaration conditions of the

phosphor and

204

- 709 x 105,

#

If this equation is expressed in the form
g ]
U = exp{~-AB /KT -BA) (15 )

'
wvhere A F = ponstant

and ¥ = Boltzman's constant
'
them A F = = kA e 16)
= G'ége‘Vb

it is interesting to note that Drodz and LWSMEW

have Tound,
from abgorption edge and emission spectra messurements, that the energy

i the sellesctivated level is

gapy O E; between the valence band 2
avproximately O+88eV for a [Z}n( 23% )Gd)ﬁ?a phosphor. As has been previcusly
discussed in Section 3b page 23 there is a decrease in A § of approxi-

mately O+08eV when the silver coneentration is inereased from zero to
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18 % *20“3 nole parts. Hence at this concentration A B would be approx—
. ]
imetely 0°80¢V. This is in falrly good agreement with the valus of A B

found above. It was, therefore, assumel that:
1

.Ef this is the case it would be m@;:s@ctai that ;é‘ would be inde=
pendent of the killer concentration,; because the emission spectrup and
hence A F are independent of the killer concentration. However, because

E depends on the activator concentration and the zinc-cadmium ratio,
if the relationship deduced above is cém'af:t é;.l should depend ez; these
factors. Therefore, it would be expected that reducing the silver cone
centration from 148 x 1@'3 mole parts to zero would change ﬁ' from
= 1045 x 107 %o = 1430 x 107°/°K db. Drodz and Levshin'! give the in-
erease in A B on going from 23 mole ¥ eadmium Bo zero cadmium as 0°10sV,
Hence zero cadmium should correspond to a slope of about « 1425 x 1072
/°K db. An inecrease in the cadmium conmtent from 23 mole % to 50 mﬁle g
would correspond %o a decresse in A E of about 0156V and so A’ would
decrease to about = 1675 x 1G”§/9 X db.

It can be ssen from Table 5 page 56 that theae changes are within
the seatber of the experimental points. |

The relationship between the log U vis 'i/%’meme, the temperature

goefficient and the superlinesrity is illustrated in Figure 25 page 60
in which it is shown that there is a simple geomelric relationship be-

tween these factors. In other words the superlinearity snd the
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temperature coelficient are the result of the sames mechenlsm. In Figure
25, "EY and P are two sections of the curve log B v's 1/T. Also AB is
& section of the line log U v's 1/Tm. Hence the slops of the line AB iz
the reciprocal of the slopes obtained in Table £ page 56 which are the
slopes of the lines ‘i/’i‘m v'a log U,

The UV, input of curve "EY ig "d" db lower than that of curve
", Qorresponding to the chanpe in the U.V., inpubt is & changs of
(4 +b)ab in the luminescent intensity of the phosphor. It should be
nobted that for the previous statement to be valid the U,V. input and the
luminescent intemsity must be recorded on the same logarithmic scale.*
The way in which thie was done is described in Seetion 2b pagei3

I% can be seen, thersfore, that
b = - g ten#. ‘ meene 17)

Hence the superlinearity of the phesphor, which is defined as the ratiog=

It follows that the intensity is independent of the luminescent effice
iengy of the filter papers used to set the U.V. input. It does, how-
ever, roguire the luminescent oubtput of the papers to bs a linear
function of the U.V. input. The linearity has been verified over the
range of the wvalues of the U.V. inpub. However, beesuse the [ilter
papera do not have an efficiency of unity, 2 given value, say - 30 db,
for the luminescent intensity and the U,V, input does not imply the
seme flux density in each case.
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ey
a

1/T

Log B

2+ Ulagranm used to illustrate the ralationship between the slope
of the log B v's 1/T curve and the superlinearity of the

phosphors,

A log luminescent intensity/dleg U.V. input e 18)

3 —m{ 20)
= —(21)

where d/g is the slope of the line log ¥ v's 1/7. Changing the variable

to T gives
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Superlinesrity =

Henee & plot of {ewperlinearity - 1)/?2 vis - tempersture coefficlent
should give & straight line with a slope = ~g/11+5d = 1225 x 1070, Also
this line should pass through the point (0,0). For this to be true the
eurves of log B v's T must be very nearly parsllel. Hence the U.V.
attenustion must be small. This was achieved, as has been previocusly
diseusged; by using 2 4+8 db attenustor to chop the UV, input at a
freguenoy of 1 e.p.8. Also the tewperaturs at which the measurements
are taken should be approximately equal to, or greater ﬁha::g, Tﬁ for the
curves to be approximately parallel. A plot of (superlinearity = 1)/?2
v'e = T.0. is shown in Figure 26 page 62, In this figurs two sets of |
points are ghown. The dote are points obtained from the phosphors that
were prepared in these laboratories and the ecrosses are points obtalined
from a number of commercisl phosphors. The commercial phosphors werse
all silver sctivated, nickel killed zinec-cedmium sulphide phosphors.
The gource ¢f supply was Derby Luminescents Ltd (England). The elope of
the line drawn through the points is 1.2 x 107°/%k.

It can be seen from the foregoing that the log B - log U v's /T
émes, for a particular zine sulphide type phosphor, can be nade coine
cident by subtracting spproximately 1+45 % 1675 x 20 log U from 1/T for
each value of the U.,V. inmput. It has been shown that this factor may
depend on & B and hence on the composition of the phosphor, but, for the
range of phosphors considered here, this dependence can be neglected,

A sst of log B v's 1/T eurves which have been normalized in this




FIGURE 26. (Superlinearity - 1) x 1&?/@2 vfﬁtt&mparature coeffTiclent.
This ie shown for phosphors with verious compositlons and
for some zine sulphide bype phosphors cbtained from Derby

Loominessents Lid,
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way is shown in Pigure 27 page 64. These curves sre for a (ﬁn(ZB%)Gé}ﬂz
1.8 x 1@“3Ag= 60 x 1Q*6Ni:;2'ﬁ% HaCl phosphor which was fired for 45
min. at ﬁﬁgaﬂ. It can be seen that, within the limits of experimental
error, the curves are co-incident. The experimental error arose mainly
from fluctuations in the output of the mercury are lamp, the srror in
gstting the U.V,. input and alse from the difficulty experienced in
estizating the dark level,

The fact that these curves can be made coincident by this pro-
cess shows that equation 22 page 61 holds throughout the temperature
range that has been congidered here. Previously this had enly been

shown for relatively high temperatures.

As was indicated previously, the next step in normalizing the
log B v's 1/T curves is to normalize the slope of the straight line
gsection of these curves to a consbant valué; This was done by multi-
plying the 1/T scale by a factor which normalized the slopes to 105 db
°%. This factor varied with the eeﬁéa@iﬁiéﬁ of the phosphor.

(3) Normalization of T,

The hhi&@ normalization process consisted of a shift in the
origin of the 1/T seale, which allowed for the fact that, at a given
value of the U.V. input, the value of 1/'Tm depends on the composition
of the phosphor. As was mentioned pr@vi@uﬁly‘i/Tm should not be consid-
ered as having any special physiesl significance., It is merely a wethod

of locating a point which cecupies a similar position on all the curves.




FI&QQE 27, Log B = log U vis ‘i/f!’ﬁ pﬂﬁare T hasbaan nmrmalimﬁ by the‘
| equation | X | | | | |
| /1, = 1/t - 2+90 x 1074 log U.
Points ave shown for various values of the 3650A exciting
radiation. The phosphor shown has tha’emmp@aiti@n':" |
[ea(232)0d] 5 148 x 1074ge 600 x 10700+ 2007 WaCl and

was fived at 595°0 for 45 min, in oxygen free nitragan, .
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When these two additionsl processes were carried out on a grow

of curves from different phosphors, the results shown in Figure 28 page

66 were obtained., It ¢an be seen that these curves do not lie on top of

each other., This is probably due to several factorst-

(i)

(i1)

(i11)

The phosphors used for the normalizabtion have different emission
spectra and, as can be seen from Figure 6 page 12 the sensitivity
of the detector system has a strong wavelength dependence. Thig
Tactor would affect the recorded intensity of a seriss of phos-
phors with different spectral charscteristies but it would not
aifeet the shape of the log B v's T curves. '

Az has been previously discussed, the colour of the phesphor under
visibla light depends on both the composition and the preparation
conditions. The darker eoloured phosphors would absorb more of
their own luminescent output than the lighter ones, thus reducing
the efficlency of the phospher. To obtain an estimate of the mage
nitule of this effect it would be necessary to measure the roflec-
tion spectra of the phosphors at wavelengbhs in the region of their
respective emission peaks.

It 1s probable that the low temperature efficlency of a phosphor
depends on its composition and method of preparation.

The nett effeet of these factors would be 1o modify the lumines-
cent intensity of the phosphors. Housver none of these effects
would be temperature dependent and so it should be possible o
compensate for them by shifting the curves up the brightness seale.
Th@ curves, after being adjusted in this way, ave shown in Figure

29 page 68.




FIGURE 28, Curves obtained for a series of phosphors after the first
three normalization processes, The phosphors were all

., Tired in oxygen fres and their compositions ave listed on

the graph.
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It can be seen that these curves éra very nearly coincident.
This result sesms to indicate that the processes csusing the
temperature dependence of the luminescent intensity of combinuously
excited zine sulphide typé phosphors are similar for ell the phosphors
studied during this work.

It has been shown previously thet the curves derived from current
theories do not it the experimental curves. I% was therefore decided
to fit an emperiesl curve to the results,

The wost satisfactory equatlon appears to be

. 1 |
n Gy oxp ~P1/Tn* G, exp - 132/?15l

where Bn ’I‘n are the normaslized intensity and temperature respectively.

)

(31, P1, 62 and PQ are constants.

At high temperatures

L‘fﬂ

in B, = ﬁ’ - 1n 61. - we{ 24)

=

This was fitted at the poind
1/ = 19942 x 1072, 20 log B = 0,

where the sglope is 105 av %k,

At low temperatures

P
in B, T " 1n C,. el 25 )

Thig was fitted at the point




FIGURE 29, Curves shown in Figure 28 after complste normalization.

. The compositions of the phosphora are listed on the graph.
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1/T = 24900, 20 log B =

whers the slope is 121 x 10° ab %K.
Hence P, = 1+00 x 10° db %

g, = 500 x 107
P, = 1:21 x 10° db
) |

9‘284-6

3, =

Figur@‘Bﬁ page 70 shows the exwperimental gurve (as a continuous
line) together with the points derived from equation 23 {shown as
circles)., For comparison a series of grosses, which have been derived
from the one level model, is shown. It can be seen that the points der-
ived from equation 23 are a good fit for the experimental curve,

Thisg aq&aﬁmn predicts that as T 0, B-?OO In order to make
B tend to a saturation value a further constant must be added to the
b@tt@m line (GB). Provided the saturation value is auffici@ntly above
the =42 db level, this constant will not have any significent effeet on
the points showm. If the ﬁatufatiam value deeg have a sienifTicant effect
on thé points shoun, then it should be possible to compensate for this
by 2 slight adjustment of the constants GE and PZ' Hence the complete

equation for the normalized curve is:

En = &1 339(“P1}%a}*‘$2 exp{wP;??ﬂ}* GB (26)

Referring this back to the original log B v's 1/T eurves gives




FIGUAT 30. Twe equations sre shown fitted to the nersalized surve S5
Figure 2. The squations Tithed to the cuwrve are
7.

NEESPN

B o=

which is the equation derived from the eme level scdel,
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‘in the above expression

220 x 10™ 1n U allows for the superlinearity of the phosphor,

¢
1 depends on the slope of the high temperature seetion of the

SUPTDE 4

?

P; depends on the slope of the low temperature section of the
ourves, | |

and G 4 depends on the amount by whieh T had to be changed to meke
the eurves coincident.

Equation 27 can be expressed more simply as

“ N N el 28
) o, - ‘F'/T% o R (%)
‘ ’ Gy exp = Py Rexp-.*f’z/ Cy

vhere C, and G, depend wpon the superlinearity and T for each individual

}:ﬁl@ﬁpﬁ@? ®

2
v

At this stage it is not poseilble to relate the individusl energy

' '
levels in the phosphor to P‘i and ?2. These two factors are each a func-

tion of all the energy levels that take part in the process. However,

beeause the curves can be normslized in the manner described previously,
t,

the ratio ??/F; ig a consbent.

1 s
it is imteresting to compare the eurves of 4B = %@:‘?1 vis gilver

concentration and the other verishles with those of the maximum temper-

L ]
ature coefficient against these variables. Also because A E is
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indspendent of the U.V. input it probably has & more fundamental physiesl
signifieﬁnc% than the maximum bemperature coelficient,

Fipure 31 page 73 3h@ws‘A‘E‘ vls silver concentration. The curve
has the same shape as the curve of the maximum temperature coeffieient
against the silver concentration. This is bscause Tm is practieally
independent of the silver ceonceniration.

%ﬁ@n the nickel concentration is increased the curves of log B
vls 1/T shift to lover temperstures. It can be seen by comparing Figuve
32 page 74 with Figure 15 page 38 that this ghifi causes a considersble
difference to occour bebween the shape of the marimum temperature coeffip-
ient against the nickel concentration and that of & E’ against the nickel
concentration.

The general features of the other variables against the maximum

L]
temperature coeffiglent are similar to those of A B against these vari-

ahles.

Two effects which could produce second order effects in the log B
vl 1/7 curves ares
(1) Variations with teﬁpératurekin the &b&orpﬁiég edge and enigsion
spectra of the phosphors. Lavgrenz11 hag found that heating silver achti=
vated zinc sulphide phosphors causes both the absorption edge and emission
gpeetra to shift towards longer wavelengths., These shifts ccour at
approximately the same rate and so D E remains unchangéd. However, the
shift in the peak of the emission speetrum of between 04 and 12/3K would

cause a small devialion from the actual curve bscause of the spectral




- FIQURE 31,

mitrogen, The activstion energy wis obtained from the

| stralght 1ine sestlon of the surves of log 5§ v's 1/T.
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FIGURA 32+ Actlvation energy v's nickel concemtration of
[n(238)0d] 51 1°8 x 10™4gs s 2°0% Mac2
fired at 595°% for 45 min. in oxygen free
nitrogen. The activation energy was obteined
from the straight line section of the curves
of log B v's 1/T.
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characteristics of the filter-photonmud

- o e £
{2) Levshin and ?ﬂﬁi%gkayﬁz have found

ent of ZnS:Mn is temperature dependent, It is probable thel 2 similar

}Jo
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gffect oceurs in silver activated zirnc-cadmium sulphi
affect 1s greatest vhen the exciting radiation is near the ahsorption
edge of the phospaor, as is the case when a ZnS3Ag phosphor iz exelted

by B&“EA radistion. Over the temperabure range considered, the deviation
of the temperature quenching curves dus to this effect may amount to
about b for the ZnS:lg phosphors and to less than this for the phos«

phors containing cadmimm sulphide.
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ficis P y
e 8

ffects on the maximum temperature caaffi@ient of the addition
of silver and nickel to zine sulphide type phosphors have been investige
abed. Also the effects of the preparation conditions and the zince
ecadmium ratio have been @x&mimaﬁ. These resulls have been anslyszed and
an empivical equation has been {itted to them,

- Beesuse of the complexity of the system being stulied it was not
possible to find z model which fully euplained the results. Further
information is réqairs& about the types of levels taking part in the
processes before a flnal solution %o the problem can be obtained.

During the course of this work several ezxperiments which could
help to find the processes involvel were suggested. ?hase sxperiments
incglwde g search for an lnfrasw-red éﬁi%ﬁiﬂﬂ which could be sssoelated
with killer centres. L1 was found that an increase in the number of
el@ctroﬁ‘%rags can be assoclated with a decrease in the maximum tampaﬁu

ature coafficients This effect could be lnvestigated by comparing the

riss and decay times of the phosphors with thelr maximum temperature
cosfficient. Using ecrystallogrsphic studies it should be possilble to
find 2 rela@ienahip between the cubic to hexagonal rabtio and the maximm
temperature coefficient. Accurate measurements of the emission and rom
fleetion spectra would delermine the relationships between the activaton
energy and the maximum temperaturs coefficient., These results could also
be used to check the relationshis that was found in equation 22 page 61

between the superlinearity and the activaton energy.
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suggested this project, and to Hr. Jones and Mr, ¥.2. Meharry for many
helpful discussions. %The author also wighes to thank the Chief Selent-
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