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SUMMARY

This thesis describes a comprehensive experimental

investigation of the light emission produced in thin films

" by an applied voltage. This is the phenomenon of elec-
troluminescence. The range of film thickness used was
between 500 and 10,0003. Most films used were therefore
thinner than those used by other authors.

ZnS and ZnSe films, activated by manganese were
prepared by evaporation onto a conducting glass substrate.
No light emission was found unless the substrate temperature
was greater than a critical value. The more usual diffusion
methods of preparation require post-evaporation heat treat-
ment whereas the method developed here gave electrolumines-
cent films directly. The need for a high temperature
substrate was interpreted as indicating that an anion excess
must be removed from the film by re-evaporation from the
substrate.

All films showed a component of the emission at 58602,
which is characteristic radiation from the manganese ion.
The way in which Mn++ ions were incorporated in the £film
crystallites was investigated by electron spin resonance
techniques.

Particular attention was paid to preparational tech-
nigques to ensure the optimum reproducibility in the experi-
mental results. The most successful method of film
preparation was found to be the evaporation of large crystals
which were grown from the liquid phase. No light emission

could be observed unless the film resistivity was reduced by



the addition of a donor (excess zinc). It was also necessary
to provide a low conductivity layer between the £film and the
gecond electrode which was an evaporated metal film.

The influence of crystal structure on electrolumines-
cence was studied by using X-ray and electron diffraction
techniques. 'The films were found to be composed of cubic
crystallites but a definite proportion of hexagonal struc-
ture was present. There was no structure change which could
be correlated with the appearance of the light emission at
theoretical substrate temperature. The size of the crystal-
lites in the films varied between 150 and 15002, depending
on preparation details. These changes were investigated by
electron microscopy.

The latter sections of the thesis contain a number of
results concerning the variation of the electroluminescent
brightness with voltage, current, frequency and temperature.
Light emission for both D.C. and A.C. voltage excitation is
reported. It was possible to interpret most experiment re-
sults in terms of a model in which contributions to the
brightness occur in the regions near the electrodes and in
the volume of the film. The formulation of a complete model
was not possible because of the lack of information concern-
ing the electric field distribution between the electrodes.
Nevertheless it seemed clear that a field controlled, rather
than a minority injection, model was the appropriate one to

describe light emission from evaporated films.
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1. REVIEW OF ELECTROLUMINESCENCE

1.1 Experimental survey

The first report of light due solely to the applic-
ation of an electric field to a solid (silicon carbide) was
made by Lossev in 1923, Destriau (1936) was the first to
observe the effect in zinc sulphide (zZnS) type materials.
However, the first detailed explanation of the observed
emission from 2ZnS excited by an electric field was proposed
independently by Piper and Williams (1952) and Curie (1952).

Until 1961 experimental results from ZnS phosphors
were interpreted in terms of this model, which supposed
that free carriers were accelerated by the electric field
to optical energies and were then able to excite luminescent
centres by impact excitation. visible (or Infra red) radi-
ation was emitted when the centre recaptured an electron or
an excited electron dropped back to a ground state.

Using results obtained from thin films of 2nS, Thorn-
ton (1961) suggested that the emission was the result of
hole injection into the normally n-type ZnS. It is not
immediately obvious whether earlier results could have been
explained in terms of hole injection, but it is the opinion
of this author that both mechanisms could well be operative
simultaneously, together with other high field effects
which, in principle may produce light emission.

Electroluminescence has been widely investigated in
ZnS type phosphors. However, much information is contra-
dictory, indicating the need for improved reproducibility

in experimental studies. It is not possible to summarize
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all previous results in this thesis, and therefore, only data
of particular relevance to light emission from films will be
considered. A more extensive review has been given by Henisch
(1962) .

Because of the very high electric fields which exist in
thin films, this chapter includes also, a brief discussion of
several high field effects which, in principle, can produce
light emission.

(a) Thin films

Electroluninescent films of Zn8 have generally been
investigated by depositing the zn§ on a conducting glass
substrate (usually tin oxide coated glass) . The second
electrode is usually of evaporated aluminium. A small volt-
age applied between these electrodes can give a high electric
field in the znS film as the electrode spacing is of the
order of 1 micron (10~4cma).

Halsted and Koller (1954) found that for films made
by a reaction between zinc and hydrogen sulphide (st) at

5500, the brightness B of the electroluminescence was pro-

portioned to V7, where V was the applied voltage. This
preparational technique was developed by Studer and Cusano
(1955) . The films were generally about 10 microns (lo-acms)
thick.

A diffusion method suggested by Feldman & O 'Hara (19523
was used by Thornton (1959). Impurity from an electrolumines-
cent powder was diffused into an evaporated film of pure zns
film at a temperature of 650-750°C. These films showed a bri-

ghtness variation with voltage described by an equation of the



3.
form B = Bo exp (~ l%). Measurements of the resistive compon-
v2
ent of the A.C. current through these films led Thornton
(1961) to suggest that the light emission from such films was
due to minority carrier injection.

Diffusion of a film of metallic manganese evaporated
over a pure ZnS film was successfully used by Vlasenko and
Popkov (1960). These films showed a variation of average
brightness B of the form B = Bo exp (A B). However deviations
from this equation occurred at both high and low voltage, and
these authors implied that more significant deviations occur-
red if the film thickness was less than 2 microns. Electro-
luminescent films of manganese activated ZnS (to be written
2ZnS .Mn) have been prepared by a single evaporation onto a
substrate which must be at a temperature greater than 250°c
(Koller 1960) . The properties of these films have not been
studied.

Weiszburg (1961) has pointed out that many results of
the brightness variation with voltage may be equally well
described by several different equations, making careful
experimentation necessary.

Most electroluminescent materials, previously studied
contain two (or more) types of impurity ions., Most attention
has been paid to ZnS containing copper usually, together with
chlorine (written as ZnS:Cu,Cl). Double activation (i.e.
two luminescent ions) is often used, for example Zn8:Mn,Cu,Cl,
The emission from phosphors containing multiple activators

is known to be affected by complex energy transfer processes
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which occur under U.V. excitation. The mechanism involved
in the transfer of energy from, for example copper to man-
ganese in 2ZnS Cu.Mn has been explained by Dexter (1953) as
a resonance transfer of energy through the lattice. This
is in reasonable agreement with experiments, but Melamed
(1958) has shown that this is not the only means of energy
transfer. Possible modification of this process when
excitation is due to an electric field is possible. However,
this has not been considered theoretically.

According to Dexter (1953), resonance transfer can
occur only over 40 to 100 lattice sites, and if this trans-
fer process is important, some association of impurities may
occur. _

There is also a number of results which indicate close
association of donor and acceptor sites in ZnS type materials.
This is shown by the results of Prener and Williams (1956).

From the above considerations, a phosphor with a single
impurity is to be preferred. However, there are relatively
few reports of electroluminescence in phosphors of this type.

(b) Location of emission

While it is not possible to examine single crystallites
on a film to determine the location of the emission, it is of
cbvious importance to know if light is generally emitted in
the bulk of larger crystals or in localized spots.

Piper and Williams (1952) and other authors have
observed light localized at the electrodes and in this case a
correlation with electrode work function is often obtained.

For emission localized near the cathode, an explanation using



5.
a Schottky exhaustion barrier at the cathode is often used.
Hole injection from the electrode would produce emission
localized at the anode and extending into the bulk. This
is not usually cbserved.

Henischand Marathe (1960) have suggested that electro-
luminescence could occur due to carrier accumulation, however
no experimental support is available. This effect would also
give localized emission at the anode.

Gillson and Darnell (1962) observed light emission at
localized spots through crystals. Such localization is often
observed. Because of the high refractive index of 2ZnS (2.42),
internal reflections may occur and Frankl (1956) has reported
that localized emission is replaced by a uniform glow when
the crystal is immersed in a liquid of high refractive index.
The data obtained by Gillson and Darnell showed detailed
behaviour which canznot be explained in this way. Locali-
zation may be due to the presence of stacking faults or
boundaries between cubic and hexagonal Zn8 as shown by many
authors, for example Baum and Darnell (1962). These obser -
vations have led/ﬁé’nallentyne (1960) and others to the con-
clusion that electroluminescence is a disorderx phenomenon,
the disorder being a necessary condition. These localized
spots were considered by Thornton (1961, 1963) to be p-n
junctions, although the structure of such functions has not
been experimentally determined. The possibility of impurity
segregation at dislocations (for example, Bullough (1960))
may be sufficient to form a p-type material in the normally

n-type ZnS. The presence of copper sulphide in copper
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activated ZnS has been postulated many times, recently by
Marshall and Franks (1964). The presence of Cuzs seems
relatively certain. The presence (or necessity) of a man-
ganese compound in ZnS.Mn type phosphors has not been estab-
lished.

The localized functions may also be formed between
two ZnS regions of different conductivity, i.e. a n—n*
junction (Oldham and Milnes 1963) although, the injecting
properties of these functions are not as well known as that
of p-n junction.

Emission throughout the crystal volume may in prin-
ciple occur if electrons are accelerated to sufficient
energies to excite an activator. This will require higher
fields than are usually present when electroluminescence is
observed in powder phosphors and large crystals. Thus the
localized emission region is very often interpreted as a.
field enhancement region, in which high field effects, for
example impact ionization may occur.

However, the fields attainable in thin films may be
very high (> lO6 volts/cm) and in this pre-breakdown region
no localized field enhancement should be necessary. (A more
detailed description of high field effects is given in the
following chapter). However, it is not immediately obvious
that the internal electric field is given by the applied
external voltage divided by the film thickness. This is
because of barriers at the electrodes (Henisch 1957) and
space charge polarization in the film itself (Macdonald
1958) .
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There are few experimental results available of
electroluminescence in ZnS crystals at pre-breakdown field
strengths. However, emission in some CdS crystals required
such high fields, (Boer and Kummel, 1952). Measurements
could be made reversibly in this region and it was shown
that only a small number of current carriers available for
conduction took part in the luminescent process. Diemer
(1954) observed complex emission patterns in the pre-
breakdown region in CdS crystals, which he interpreted as
due to non uniform space charge. It has been realized that
interpretation of such effects is very difficult.

(c) Electrodes on electroluminescent films

Recently, Harper (1962) has shown that details of the
light emission from 2ZnS.Cu films may be altered by a low
conductivity layer between the metal electrode and the ZnS.
In some cases (CdS crystals) the presence of this layer is
necessary for the appearance of electroluminescence (Jaklevic
et al 1963).

It has been reported that aluminium oxide (A1203)
films between aluminium and cadmium oxide (transparent)
electrodes shows light emission when a voltage is applied
(Weslowski 1961). These cells gave stable light emission
only for the aluminium positive, and brightness variations
with current and voltage similar to those obtained from
ZnS.Mn, Cl films reported by Cusano (1955).

This result introduced some doubt as to the location
of electroluminescence in ZnS films with aluminium electrodes.

Fischer (1961) has summarized the properties of



8.
junctions between various 1II-VI compounds. In particular,
ZnTe on either ZnS or ZnSe should give a hole injecting
contact. It may be possible to provide such hole injection
in multiple layer films of these materials.

(d) Brightness waves

BElectroluminescent films usually emit two unequal
brightness peaks approximately in phase with the voltage
maxima of a sinusoidal exciting voltage. Thick films (about
2Qﬂ) show two equal peaks. Vlasenko and Popkov (1960) have
observed two unequal brightness pulses from thinner films
(about 1-4 microns). The relative intensity of these was a
function of voltage and such behaviour is still unexplained.
The unequal brightness peaks have been ascribed to the
different properties of the electrodes used on either side
of the -ZnS. However, Hahn and Seeman (1957) have shown that
for powder phosphors between two identical conducting glass
electrodes, some asymmetry of the brightness waveform is
observed. ha

(e) Prequency of excitation

In general, increasing frequency (in the audio range)
‘at constant voltage increases the average brightness from an
electroluminescent phosphor, as shown by the results of
Thornton (1956) . However, a saturation is often observed
after the initial linear increase.

Fialsted and Koller (1954) have suggested that the
brightness versus frequency characteristic of films is in-
fluenced by at least two factors.

(a) The decay time of luminescent centre (manganese



1.4 millisec). 9.
(b) The resistance of the transparent electrode becoming
comparable with the dielectric impedance at higher frequency
(especially important for thin films).

Smith (1955) has shown that excitation of single
crystals by a constant voltage is possible. Thornton (1962)
has demonstrated that thin films also show strong D.C. emis-
sion. In these cases the electrodes are in good contact
with the crystals. Goldberg and Nickerson (1962) have
found that the addition of manganese to a ZnS.Cu Cl film
considerably increased the D.C. emission. The reason for
this is not clear,

The necessity for an initial forming process before
these films showed stable D.C. emission was shown by Gold-
berg and Nickerson. They observed high initial currents
when a voltage was applied, and after 30 seconds light
began to appear from the electrode edges. This extended
into the whole electrode area. The current fell continuous-
ly during this time. This process occurred to some extent

upon re-application of voltage after a period of time.

1.2 High electric field effects in solids

For films used in this investigation (500-5000&), the
applied voltages were sufficient to produce very high elec-
tric fields. 1In fact the upper limit for electroluminescent
operation was imposed by excessive localized breakdown of
the film. The voltage at which this occurred was usually
only a factor of about 2 - 2.5 above the value at which
light was first detected.

A more extensive review of possible high field
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mechanisms capable of light productiong has been given by
Piper and Williams (1958) and Chynoweth (1960).

l1.2.,1 Hot electrons

At high electric field strength, free carriers retain
a proportion of energy after each collision which is suffic-
ient to establish a high energy electron distribution. This
distribution is approximately Maxwell Boltzmann, and is des-
cribed by a characteristic temperature Te > T, the lattice -
temperature. The electrons are then referred to as hot
electrons. The parameters which exactly describe such a
distribution are not certain, however, Stratton (1957) has
shown that electron-electron collisions are of particular
importance.

This may impose a minimum electron density below
which the concept of an electron temperature, Te islzeaf;
ingless. This density seems to be approximately 10 cm ,
(Fréhlich and Paranjape 1956) and therefore to excite
luminescent centres by hot electrons, the conductivity may
well need to be much higher than is usual with semi-
insulators, such as ZnS.

Kovtonyuk (1963) has recently suggested a hot
electron theory of the electroluminescent process which
requires an appreciable (but undetermined) free electron
density.

Hot electrons may excite a luminescent centre by
collision excitation, or if the energy is sufficient a
valence electron is excited giving an electron hole pair.

The energy threshold for pair production must be at least
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equal to the band gap of ZnS which is 3.7e.v. It is inter-
esting to note that the number of ionizations/unit path
length (in silicon), that is the number of pairs produced is
experimentally proportional to exp‘} %}for an electric field
E, (Chynoweth 1960) .

This relation has been ocbserved many times for the
variation of electroluminescent brightness with applied
voltage (see for example Lehmann 1960) .

The light emission has been related to the number of
electrons in a hot distribution with energy greater than the
required excitation enexgy. The results depend on the
approach used to determine Te in terms of other measureable
guantities.

Goffaux (1956) has obtained

B = Bo exp (bE) —-——- 1,1

where B is the brightness, E the field and B, and b con-
stants.
An alternative approach by Nagy (1956) showed that
bl

B = Bo exp |- —-— 1,2

(14-1:»23)2

where Bo’ bl and b, are constants,

In general,zthe agreement between 1.1 or 1.2 and
experimental results is not good.

It has been realized that substantial deviations
from a Maxwell Boltzmanndistribution occur in high fields,
(Morgan 1957, 1958) and this would modify the above theories

which assume a Boltzman distribution to make the mathematics
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tractable.

Hot electron effects must occur at the fields generally
used to excite electroluminescence. Therefore, the problem
of conduction in high fields should be a basic problem in the
theory of the light emission process. Even when the high
field conductivity is known, two other mechanisms occur.
Firstly, excitation (or ionization) of the luminescent centre
and secondly recombination at the centre.

The final interpretation of the electroluminescent
process must await a more extensive knowledge of all these
processes., This is not available at the present time. It is
therefore not surprising that models (such as described above)
which assume rather simplified behaviour do not agree well

with experimental results.

1.2.2 Impact ionization

Seitz {1949) has shown that the probability of ioni-
zation by impact in an electric field E is given by

By
p = const. exp (- i;ﬁ - 1,3

where El is a characteristic field,

It has been shown by Chuenkov (1960) and Wolff (1954)
that this expression is valid at low fields (< some critical
value) while, above this eguation 1,3 should be replaced by

EZ
2
p = const. exp (- —3) - 1.4

where 32 is another characteristic field.

Equation 1.3 is appropriate at lower fields where
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only the statistical electrons are accelerated to energies suffic-

ient for excitation of centres. At higher fields where all the
electrons gain energy from the field, the probability of impact
ionization is given by l.4. Piper and Williams (1958) quote a
field sirengﬁh of 105 volts/cm for application of equation 1.3
and 196 volts/cm for equation 1.4,

For the ZnS films investigated here, the field strength
(assuming a uniform field distribution) was abeut 106 volts/cm,
making equation 1.4 relevant to the probability of impact
excitation of centres. '

It is theoretically possible to determine whether impact
ionization occurs by analysis of the current-voltage relation.
Several theoretical expressions for the current due to impact
-excitation are available, but comparison with experiment is
difficult because other high field effects may obscure the im~
pact excitation effect. As an example, it has been suggested
that the sudden increase in current normally associated with the
trap filled limit in space charge limited current flow is due
to the onset of impact ionization, (Bube 1962).

The results of Cardon (1963) predict some noticeable
effect on the current voltage relation, but observation would be
difficult, particularly in an electroluminescent film with non
ohmic electrodes.

1.2.3 Internal field emission

At fields aprroaching dielectric breakdown {106u 107volts/
cm) , tunnelling of electrons between valence and conduction band
may occur (Zener effect). Zener found that the transparency of
the barrier was given by ({(Zener 1934)
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constant B
f = exp (- d - 1.5

where Eg is the band gap and E the applied field. The orig-
inal treatment was based on the free electron model and is
therefore relevant to small band gaps. A modified form

applicable to wide band gap materials e.g. (Zns) shows that
3

Eg in the original equation should be replaced by Egz (Pranz
1952).

The threshold field for Zener emission has been esti-
mated to lie between 3.106 and 2.107 volts/cm, The magnitude
of the fields used to excite light emission in the ZnS.Mn
films described in this thesis was often 3.106 volts/cm,
making ‘the Zener effect a possible scurce of excitation,

Similar expressions to the above describe the probab-
ility of a transition from a localized level and the conduc-
tion band (Franz 1952)., This requires a lower field than
that necessary for Zener emission, and field release of donor
electrons (i.e. tunnelling) has been postulated to account
for experimental results (Georgobiani and Fok 1961).

A case of particular interest for tightly bound cen-
tres, such as manganese may be the probability of a transition
between two localized levels of an impurity ion.

In general, the current observed when internal field

controlled emission releases electrons to the conduction band

is of the form 3

2

b E
J = AE exp (- ) - 1.6

E
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where A and b are constants and n varies from 1 to 3 (Chynow-
eth 1960). Chynoweth gives an order of magnitude calculation
for the current density when Eg = 1 e.v,, which shows that a
change in E from 5 to 6.106 volts/cm should result in an
increase from 1 to 10 amps/cmz.

For the reasons mentioned above, the identification of
a particular field emission process from the current-voltage

relation is very difficult.

1.2.4 Electric field configurations

In single crystals and phosphor powders, the average
field strength is too low (104-105 volts/cm) to give any
appreciable probability of excitation of luminescent centres
by the field.

In general an exhaustion barrier of the Schottky type
will exist at any metal semiconductor contact unless special
precautions are taken (Henischl957). The presence of this
barrier layer allows the presence of a high field region in
series with the bulk phosphor where the field strength is
smaller. This allows the attainment of very high fields in
the high impedance barrier region without the onset of aval-
anches leading to dielectric breakdown. This model of
excitation of centres in such an exhaustion barrier where
the electric field is proportional to the square root of the
applied voltage has been developed by Piper and Williams
(1955) . Using a much simplified model of impaction ionization
in an exhaustion barrier region they predict that the electro-
luminescent brightness B should be given by

b
= A - 1.7
B B° exp 1

v2
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where V is the barrier voltage and b and B° are constants.

However, the barrier voltage will not in general equal
the external applied voltage, making direct comparison with
experiment difficult. Nevertheless, a large number of
experimental results (see for example Georgobiani and Fok,
1961) agree with equation 1.7 very well.

In such a barrier region, the value of the electric
field may become sufficient to cause Zener emission. It has
been shown that the Zener effect in a field of 3.106 volts/cm
can account for the number of quanta emitted from an electro-
luminescent phosphor (Georgocbiani 1961). The average field
in this case was 1.6 105 volts/cm and the necessary 3.106
volts/cm could occur in an exhaustion region.

Another effect, which will lead to deviations from the
ideal barrier behaviour assumed above is the existence of non
linear bulk effects (Diemer 1955), particularly polarization
charge which may affect the time variation of the barrier
profile when an A.C. voltage is applied.

When thin films are used, the width of any exhaustion
region near the electrode may be comparable to the film
thickness. In this case there is no distinct barrier region

and the field distribution may be more uniform. In general
v
d
voltage V applied between electrodes d cws apart. While the

however, the electric field will not be given by for a
field distribution is very difficult to determine in semi-
insulating materials which show electroluminescence, the
value of the field strength at every point is of obvious

importance in the formulation of a model of the light emission
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process.

The applied field may be enhanced by the action of a
polarization field. If the decay time of the polarization
charge accumulated at the electrodes is longer than the time
in which the applied A.C. field reverses polarity, the
internal field may be instantaneously enhanced by, at the
most, a factor of two (Henischl957) .

The presence of polarization effects in semi-insulators
with blocking electrodes (as used with electroluminescent
materials) has been considered by Macdonald (for example,
1958) . The potential distribution between the electrodes
shows wide variations from a linear distribution. Rose (1955)
has shown that the presence of injected space charge also
modifies the internal field and has marked effects on the
current, which is then space charge limited.

A p-n junction biased in the reverse direction will
also provide a very high field which may extend over consid-
erable distance (the junction width). The properties of such
junctions are well known (Shockley 1949), and quantitative
predictions may be made concerning junction behaviour, par-
ticularly in germanium ané silicon. These calculations
require knowledge of impurity gradients across the junction
regions and of the bulk properties of the materials. The
presence of such junctions is also reasonably easy to prove.
The identification of p-n junctions in ZnS is not so straight
forward and direct evidence of electroluminescence due to
junctions in high resistance crystals is not available., How-

ever, the first grown junctions using ZnS and ZnSe have been
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recently reported by Aven and Cusano (1964). Such work will
lead to an increased understanding of the field distribution
in such junctions.

A detailed study of the light emission resulting from
reverse biased p-n junctions in germanium and silicon has
been made (for a review see Chynoweth 1960). The light
emission from relatively wide junctions (2510002) has been
ascribed to avalanche multiplication (associated with char-
acteristic noise), while in narrower junctions of 4003, Zener
emission seems most likely. In the intermediate range both
field emission and avalanching may occur simultaneously. The
emission pattern appears to be characteristic of the excitat-
ion mechanism in these junctions; intense spots result from
avalanche breakdown, while a more or less uniform glow is
observed when field emission occurs.

An interesting process of field enhancement has been
observed in germanium (Gunn 1956) and has been referred to as
avalanche injection. When the field becomes sufficient to
start impact ionization (6.104 volts/cm) , the additional
carriers accumulate near the anode. This space charge gives
an increasing distortion ¢f the internal field, because the
electric field near the anode becomes larger than the average
across the crystal. 1lIonization of valence electrons can occur
in this thin avalanche region which then becomes a source of
holes. These holes may diffuse into the low field bulk and

be captured by (luminescent) centres.

1.3,5 Dielectric breakdown

As the upper limit to high electric field behaviour,
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the applicability of the foregoing effects to dielectric
breakdown will be outlined. A more extensive review has been
given by Stratton (1961).

A necessary feature of the breakdown process is a rapid
increase in the number of conduction electrons. The collect-
ive model of this process assumes that all electrons are at
a temperature Te > T, the lattice temperature. In the aval-
anche model, breakdown is initiated by cumulative release of
bound electrons by impact ionization. Avalanche breakdown
has been considered simply by Seitz (1949).

Breakdown may be also initiated by field release
(tunnelling) of either bound electrons or valence electrons.

An upper limit to the breakdown field strength is
obtained by requiring that all electrons gain more energy
from the field than they lose to the lattice (Von Hippel
1935). A lower limit, which appears to be more realigtic is
predicted by imposing the condition that the rate of energy
gain must exceed the loss only for electrons in some given
energy range (Frohlich 1937).

The process of dielectric breakdown in Cds crystals
has been found to occur by internal field emission from the
valence to the conduction band (Williams 1961, 196Z). How-
ever, Boer et al (1962) has shown that in thin films of cas
breakdown was due to release of electrons from impurity

levels by impact ionization.



2. APPARATUS REQUIRED FOR THE INVESTIGATION

2.1 Vacuum system for evaporation of films

The essential requirement for this work was an evap-
orating plant working at pressures in the range 10-4 to

10"°mm of mercury (10-4-.10-5torr).

A conventional vacuum system using an Edwards 25“
diffusion pump backed by a 50 litres/minute Genevac rotary
pump was constructed (Figure 2.1), by the author.

In use, the system attained a pressure of 2.107°
torr in one hour (using a liquid air trap) when the pumps

were started from cold.

2,2 Evaporation equipment

To provide electrodes through the base plate of the
system eight tapered holes were drilled through the plate.
Glass cones were ground into these holes with fine carbor-
undum powder so that finally they could be rotated, while
the system was under vacuum without any fluctuation in the
pressure. A metal-glass seal was joined to these cones
providing electrodes through the base plate of the system
as shown in Figure 2.2a.

This type of electrode was not suitable for the
heavy currents used for the 2ZnS evaporation and more
robust electrodes were made (Figure 2.2b). These were of
mild steel sealed through the base plate with rubber rings.

A small iivlybdenum boat contained the ZnS and this
boat was held between two heavy steel electrodes (Figure
2.3). One side of the heater was earthed through the base
plate of the system.



FIG.2.1 VACUUM SYSTEM
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Heavy current cable was used to connect these points
to the secondary terminals of a 24V, 100A transformer. The
primary voltage was controlled by a rotary auto transformer
(variac) and the current in the secondary circuit was moni-
tored by a 0-100 amp meter.

Three methods of heating the substrate above room
tenperature were used.
(a) The initial form of heater is shown in Figure 2.4a.
A quartz tube, 3" long was wound with a molybdenum strip.
This was heated by an A.C. current from a transformer con-
trolled by a Variac. A current of 35 amps at 7 volts
maintained a temperature of approximately 375°c. The
quartz tube was supported by a steel rod held by two
stainless steel supports screwed to the base plate. The
substrate was held by a molybdenum clip on two stainless
steel supports as shown. A stainless steel cover could be
placed over the strip heater so that it was enclosed on
three sides by stainless steel and by the substrate on the
lower face.

Due to the size of the heater, the power required
to obtain a substrate temperature of 400°C was sufficient
to cause localized heating of the glass bell jar during
the time of a typical film evaporation.

The distance between the source and substrate was
varied to obtain the maximum uniformity in the film. A
distance of 7 cms was used in all the evaporations to be
described in this thesis,
(b) A second substrate heater was used to overcome the

problem of excessive heat dissipation, which was trouble-
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some when the substrate was maintained at high temperatures
> 400°C). A copper block (1" square by-%“) was milled to
provide a recess in which the substrate was held by a

molybdenum clip. Six holes were bored to takel% ceramic
insulators through which 0.5mm tungsten wire was threaded.

The block was supported on four tapered ceramic
insulators which were a close fit in holes drilled in the
block and in supports attached to the base plate. This
form of mounting was found to be rigid and to give good
thermal insulation. Temperatures around 600°C could be
obtained with small power input (10 amps, 10 volts) with-
out any marked rise in temperature of the bell jar. This
heater is shown in Figure 2.3. One support has been re-
moved to show the position of the evaporation boats.
(c) To vary the conditions under which a film was
formed, the molybdenum boat was enclosed in a small stain-
less steel box, the electrodes entering through the two
gaps in its wall. A'%" circular hole in the box allowed
the evaporating beam to enter a 1" quartz tube wound with
tungsten wire in which the substrate was held by a small
molybdenum stage supported by the oven wall. The sub-
strate was held to this stage by two small tungsten wire
clips. A thermocouple junction was held between the sub-
strate and support (Figure 2.4b).

The upper open end was closed by a clear glass con-
cave lens enabling the boat to be seen and the film
thickness to be roughly gauged by the interferance colour

during the evaporation.
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The oven was surrounded by a copper heat shield.
Two small copper pipes were fitted to a glass cone assem-
bly (as described earlier) to allow a flow of water to
circulate around the copper heat shield, as it was expected
the above oven would heat up the whole system. However, it
was found that the copper heat shield effectively blocked
all radiation from the bell jar walls without the need for

water cooling at an oven temperature of 500°C.

2.3 Pilm thickness monitor

The amount of sulphide deposited from a given weight
of ZnS in the boat was dependent on the substrate temper-
ature. This effect resulted in a dependence of the rate of
film growth on this temperature. Therefore, evaporation of
constant thickness films for a range of substrate temper-
atures required slight modifications to the amount of
sulphide evaporated. One method of obtaining a given
thickness film under varying conditions of substrate temp-
erature was to continuously record the film thickness
during the evaporation.

The light from a 100 watt mercury arc lamp was
reflected into the bell jar through a glass cone in the
base plate which had been fitted with a plane glass window
(joined with Araldite to the glass extension of the cone) .
Two small aluminium mirrors (Figure 2.3A) were supported
in the vacuum chamber just above these cones to reflect
the light onto the substrate from which it was reflected
and out through the base plate. A photomultiplier (1P2l1)

with a narrow band interference filter to separate the
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mercury green line at 54608 was used to detect the light.
(Filter centred at 55008 supplied by Baird Atomic U.S.A.).
The beam was focused on the photocathode by a lens held
outside the bell jar under the entrance window and the
mirrors were adjusted to give the maximum signal. The
two mirrors were coated with several hundred angstroms of
Silica to protect their surfaces.

The output from the photomultiplier was monitored by
a D.C. Microammeter (Hewlett Packard 25A) and displayed on
a chart recorder with 50mv full scale deflection. Figure
2.4.1 shows a typical recorder trace taken during an evapor-
ation. As the film thickness increased from zerxo, the
reflected light showed maxima and minima of intensity.
Neglecting the unknown phase change occurring at the ZnS-SnO2
interface, the maximum intensity occurred for value of the
film thickness t, which satisfied the condition

2t bn g =(apro) A
4

where ¢ 1is the angle of incidence (= 60°), p is an inte-
ger, +t is the refractive index of ZnS (= 2.36) and A is
the wavelength of the incident radiation. Using these
values t = 1750A at the first maximum. Using a multiple
beam interference method the actual film thickness was

only 1300%. The discrepancy can be explained by the phase

change occurring at the ZnS—SnO2 interface.

However, because the device was only used as a con-
venient indication of the film growth process, no further
attempt was made to account for the difference.

An added advantage from this display was that the
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rate of evaporation could be made more uniform during the
film growth. With some practice the growth could be
stopped to within * 50A, by using a rotating shutter across
the evaporant when the record trace reached any desired
point. The accuracy of this monitor was found by measuring
the films later by a multiple beam interferance technique
(fringes of equal chromatic order). This technique has
been adequately described by Tolansky (1960).

2.4 Crystal growing apparatus

Large single crystals (several grams) have been
successfully grown by a method involving the melting of
ZnS under pressure (Addamiano US patent 3022144). Pure
hexagonal 2ZnS was cbtained by controlled codling of liquid
ZnsS (melting point lSBOOC) in an argon atmosphere at a
pressure of 150 p.s.i. (Addamiano and Aven 1960) .

The basic requirement was a pressure vessel capable
of withstanding pressure of this order and a furnace cap-
able of 1830°C. The body of the bomb was machined from 8"
diameter steel tubing with %P walls. The walls were
machined to a mirror finish to facilitate cleaning. The
body was coded by circulating water through copper cooling
coils (Figure 2.5).

The bomb was purposely made more than adequate for
the pressures expected during the sulphide growth so it
could be used over a wider pressure range in the future.
It was tested under hydrostatic pressure to 1200 p.s.i.

An electrode was machined and threaded from %
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steel rod, (Figure 2.6). The electrode was mounted in the
base of the bomb using two high pressure ceramic insulators
(dylumina, available from $. Smith, Sydney). Copper ring
gaskets were used as seals. The base plate was also fitted
with two insulated leads to enable a thermocouple to be
used inside the bomb. Automobile spark plugs with the
earth bar removed were found to be ideal for this purpose.
Figure 2.8 also shows the actual heater element. This was
machined from a solid carbon rod of 1" diameter. The cen-
tre section of a 6 inch length was reduced to-%" diameter,
and a screw thread (4 turns/inch) was cut to a depth of
0.013". One end of the heater was tapped to screw direct-
ly on to the heavy steel electrode, and the centre section
was bored out leaving a high resistance carbon spiral
(typical resistance 0.6 ohms). The.crucible containing
the ZnS was fitted into the heater as shown in Figure 2.7.
Contact to the top of the element was made with a small
carbon rod containing a recess of the same width as the
top of the heating element. This was connected via a steel
fitting to a welded contact on the bamb wall. When the
heater was assembled the element was kept under slight
compression to ensure good contact between the heater and
the connecting carbon rod. The actual heater element was
very robust and compression to a limited extent was pos-
sible without damage.

The heater was surrounded by two thin circular
carbon heat shields supported by a carbon flange which was

a tight fit around the solid lower part of the heating
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element. The outer shield was fitted with a top cover
(Figure 2.7).
The actual crucible was a length of spectroscopic-

ally pure carbon rod with a~% tapered hole to take the
znS powder. As the temperature gradient would be along
the length of the crucible, the crystal would then begin
to grow from a small nucleus at the bottom of the tapered
hole. The crystal was removed after growth by removing
the threaded end plug and tapping the crucible lightly,
causing the crystal to drop out.

The bomb was supplied with argon or oxy free nitrogen
directly from a gas cylinder through a regulator valve.
The filling tube of 0.25" copper was sweated directly into
the base plate of the bomb. A length of threaded brass
tubing was soldered to a pressure tap sealed in the base
plate to allow the air to be pumped out of the system
before filling with inert gas. Power was obtained from
two 50 volt 50 amp transformers in series. Their primar-
ies were controlled by two coupled variacs. These were
coupled to a variable speed gearbox-motor assembly allow-
ing a range of cooling programs to be used (Figure 2.8).

Of utmost importance for the successful growth of
crystals in this system was the particular point where
the crystal began to grow, i.e. the temperature gradient
over the region where the crystal was formed. Obviously
the temperature at both ends of the heaters was low
(perhaps several hundred degrees) while the centre of the

heater was necessarily much higher. Because of the high
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temperature required to melt ZnS (1830°C), normal thermo-
couple methods were useless to determine the temperature
gradient. High temperature thermocouples have been des-
cribed by Davies (1960) but these were not available.
Therefore the following procedure was used.

The bottom of the tapered crucible hole was made
so that it was 0.25" below the centre of the heater ele-
ment, when in position inside the heater. The pressure
vessel was pumped out with a rotary pump and then flushed
with dry oxygen-free nitrogen, care being taken to expel
all traces of air from the filling pipes. This was re-
peated several times before the final filling to 200
P.S.i.

The power was raised slowly to 2, 2.5, 3 .... k.w.
on successive runs. After each run, the power was reduced
quickly to zero, and the ZnS inspected to determine whether
the power had been sufficient to reach the melting point.
This procedure gave the power required to just melt the
sulphide at this particular position in the heater (3.5
k.w.). At this position (near the centre) any increase in
the coding time over about 10 minutes resulted in the loss
of nearly all the crystalline ZnS which had been formed,
leaving only a small fraction or none at all. This loss
coated the inside of the bomb heavily with sulphide. This
effect occurred irrespective of pressure between 80 and
250 p.s.i,.

The above procedure was repeated at intervals of

0.25" down the heater, each time finding the power required
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to just melt the ZnS. The power increased to 4.8k.w. when
the bottom of the growth region was I%r below the centre
of the heater element. An improvement in the crystal
formation was noticed as the growth point moved to regions
of greater temperature gradient, even at rapid cooling

ln

rates. The final position used was l4 from the centre,
requiring a power of 4.5k.w.

Measurements of the temperature gradient along the
heater using a Platinum, Platinum-Rhodium thermocouple
were made for a temperature of 1400°c. These showed that
over a region between 1.25" and 1.0" from the centre of
the heater (the length of the actual crystal) the temper-
ature varied from 1350 to 1400°c. This gradient of 2000/
inch may be modified slightly at 1830°C due to increased
rate of heat loss.

Even at this optimum position loss of sulphide
occurred during an extended cooling, although longer
cooling times could be tolerated than near the centre of
the heater. This suggested that the loss of sulphide was
favoured by a small temperature gradient.

Evaporation at temperatures below the melting
point occurred also. This was shown by a number of spec-
ial cooling programs all of which were unsuccessful in
reducing the loss to any great extent. For example, slow
cooling through the melting point followed by a rapid
cooling to the transition region (< 1200°C) and a slow
cooling over this region indicated a loss dependent on

cooling time, rather than the cooling rate at a particular
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temperature. The amount of ZnS lost may be related to a
reaction at the crucible walls. The walls were consider-
ably affected after a crystal growth, indicating some
attack by the sulphide. 1In fact, if the same crucible
was used a number of times, the loss of Zn$ increased.

Reasonable crystal formation occurred over a 60
minute cooling (linear rate) during which time, a loass in
weight of 50-60% of the original charge occurred. The
rather fast cooling rate usually produced a crystal boule,
easily cleaved by tapping with a sharp edge to give about
3 large crystals. A 2.5 gram charge of sulphide was used
to give a crystal boule of about 1 gram., The cleavage
planes were vertical i.e. along the axis of the crucible,
showing that the crystal growth had occurred fram the
bottom of the crucible. Some crystal boules showed
obvious growth from the walls (usually resulting from a
very fast cooling) and were polycrystalline.

The method described above was successfully used
to grow large crystals of ZnSe and ZnTe.

These were easily grown from a position 1" below
the centre of the heater using an input power of 3.3 and
2.7k.w. respectively. A negligible amount of the powder
charge was lost and this allowed an extended cooling
period of up to five hours. The crystal perfection was
much greater in these crystals, because of the longer

cooling time.

2.5 Detection 0of electroluminescent emission

The detector was a type 1P21 R.C.A. photomultiplier
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encased in a light - tight housing fitted with a rotating
shutter across the photocathode. The resistors supplying
the dynode voltages (lCOK) were soldered directly between
the valve pins, as was the anode load resistor (22K) from
vwhich the output of the photomultiplier was taken to a
cathode ray oscilloscope. (Serviscope l0mv/cm maximam
gain) ., A D.C. Microammeter (Hewlett Packard 25A) was
used in the anode circuit to monitor the average value of
the current through the last stage of the tube,

The D.C. voltage neceded for this multiplier (1000
volts) was obtained from a bank of dry batteries in a
shielded metal case. This method of supply mininized
any 50c/s pick-up voltage which would appear across the
load resistor and complicate the oscilloscope display.

Particular care was taken to keep the photomulti-
plier in darkness at all times and not to exceed the
raximum specified anode current (10-5 amps) . A stable
dark current (on the meter) of only 1.0 x 1072 amps was
obtained by attention to these details. The output from
the load resistor was amplified by a conventional two
transistor A.C. amplifier with a gain of about 400. If
the D.C. component of any A.C. light emission was re-
quired, a Philbrick USA 3D.C. amplifier with a gain of
several hundred was used with a D.C. oscilloscope.

The linearity of the detector response with
increasing light intensity was measured for several dif-
ferent wavelengths through the visible spectrum. This

was done by setting the phototube 36" away from a small
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point source of white light covered by appropriate inter-
ference filters. A large neutral density filter (density
0.3, thus giving a decrease in transmission of 50%) was
cut into small squares and used to vary the intensity from
the point source. Each additional filter reduced the
intensity of 0.5 to within 1%. The density of the filter
(0.30 ¢+ 0.01) was determined by a Kodak Densitometer.

The measurements of anode current and the known
decrease in light showed that over the range used, the
light detected was proportional to the anode currxent of
the photomultiplier (Pigure 2.9). This allowed the values
of the anode current to be used directly as a relative
measure of the brightness falling on the photocathode.

The electroluminescent films were mounted in a light
tight metal box which screwed directly to the photomulti~
plier housing. Pressure contacts were used on the film
electrodes.

The value of the voltage at which light was just
detectable will be often used in this thesis. If this volt-
age was to be compared for a nunber of films, the emitting
area of the films was placed in a fixed position relative to
the photocathode. This was necessary as the response over
the cathode surface wae not uniform. 8pectra of the light
were obtained by using a Schott wedge filter which was
moved across a fzn slit. The resolution was about 208. The
filter was calibrated with a Hilger monochromator. Light
near the absorption edge (3.7ev) and up to 4000R was detected
by an 1P28 photomultiplier and an 0X7 Chance Pilkington
filter. The filter was transparent to light between
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2500 and 4000A,
The photo-luminescent spectra of ZnS crystals werxe

measured directly with a Hilger monochromator because of

the increased light intensity available from crystals.

2.6 Low temperature apparatus

The basic form of this apparatus is shown in Figure
2.10. Glass construction was used and liquid air was used
to cool a small copper block on which the film was mounted.
Good thermal contact between the mounting face and the
liquid air was obtained by making this face of thin copper
plate soldered to a copper tube. The dimensions of the
block were minimized to obtain the lowest temperatures.

The lowest temperature was about - 185°C measured by a
fine wire (0.01") chromel-alumel thermocouple. This was
carefully calibrated at three points, liquid nitrogen, dry
ice and freezing mercury for use below 20°%¢ and, as des-
cribed in the next section for use above 20°c. Tempér-
atures above 20° were cbtained by a nichrome heater in the
copper hlock.

Two copper leads were used to apply the excitation
voltage as shown. The dewar was operated at about 10”2
torr, sufficient to reduce the heat loss and prevent con-
densation on the window in the outer tubing. The whole
dewar was mounted in a rigid metal assembly to which the
photomultiplier was attached.

2.7 Measurement of substrate temperature

The original work of Koller (Koller 1960) showed
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that the minimum substrate temperature at which Blectro-
luminescence appeared was 250°C. The temperature of the
substrate (using the heater shown in Figure 2.4a) was
measured by a chromel-alumel thermocouple. The wire was
as thin as possible (38 gauge) to minimize heat loss by
conduction. The two ends were twisted together for about
0.5cm and this length was held to the substrate surface
by a thin (0.01") cover slip. The cover slip and SnO2
glass substrate were held closely by two small molyb-
denum clips. The free ends of the thermocouple were
soldered to two short tungsten leads, directly sealed
through a glass electrode described earlier. The tung-
sten leads through the glass were reduced to a minimum
length and the external leads were connected, with
thicker chromel-alumel wire, which was terminated at a
cold junction of melting ice (Ooc). The output of the
thermocouple was monitored by a Cambridge Portable
potentiometer with a reading accuracy of better than
0.0lmv. The thermocouple was calibrated at three fixed
points, ice (Ooc), steam (lOOOC), and melting sulphur
(444°c). From the voltage at these points the constants
a, b and ¢ in a polynomial E = aT + sz + cT3 were
obtained. This allowed the output to be related to the
temperature from a set of graphs which were prepared.

It was considered that by using this method of temper-
ature measurement, the ‘hot' junction would be relative-

ly free of any extraneous heat losses which would prevent
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it from giving a true indication of the temperature of
the substrate.

Recently the advantages of using thermocouple
films for temperature measurement have been reported.
Chromel-alumel films were evaporated to have a small over-
lap region so forming the film junction. Connection to
the two films was made with chromel-alumel wire. Nickel-
iron film junctions were also used with improved repro-
ducibility between films (Morrison & Lachenmayer 1963).

It has been shown in this laboratory that errors of
up to 50° in several hundred were liable to occur with this
method of measuring temperature, unless careful annealing
and calibration procedures were adopted (McCoy 1965).

The advantages of the films in this context was
the intimate contact between the measuring junction and
the surface which was being coated with ZnS. To check
the accuracy of the temperatures measured by the previous
method, & nickel-iron film junction was evaporated onto
the normal conducting glass substrate. The metal films
were then annealed at 550°C for 30 minutes under vacuum.
The films were joined by silver paint to thin nickel and
iron wires, leading through the base plate (via a glass
cone as before) to a cold junction at o°c. The chromel-
alumel wire junction used previously was pressed, as
described above, to the substrate close to the film
junction, and the glass was positioned in the substrate
heater. The voltage reading from both thermocouples was
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tabulated for a number of temperatures between 100 and
450°c, obtained under the same conditions as used for a
typical evaporation.

Over this range the film junction recorded a temp-
erature of 22°c, higher than the thin wire junction. The
linearity of the temperature difference showed that the
error in the wire junction was due to bad thermal con-
tact with the substrate, rather than heat loss by
conduction through the wires. This effect was augmented
by the method of radiation heating from above, because the
heat transferred to the wire junction occurred by con-
duction through the glass substrate. A smaller amount of
heat was radiated from the hot evaporating boat, but the
main contribution at 50°c or above, was from the substrate
heater itself,

As a result of this calibration, all previous val-
ues of substrate temperature taken with the chromel-alumel

thermocouple were increased by 22°C.

2.8 Measurement of A.C. current through ZnS Mn films

A conventional power amplifier was constructed to
supply a maximum of 250 volts for excitation of the elec-
tro-luminescent films. The output contained 0.5% first
harmonic and negligible higher harmonic components.

The A.C. current was determined by use of a trans-
former ratio arm A.C. bridge using two Trimax audio
coupling transformers. The film was connected in one arm

of the bridge and the standard R-C network in the other
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(Pigure 2,11). Because of the high applied voltages
(20-40 volts) which were required to give light emission,
the linearity of the standard components over this voltage
range was important. The film was replaced by a variable
condenser with an air gap and a non-inductive resistance,
and a balance obtained with the same value of R and C.
The out of balance bridge current was detected by an
amplifier (400X) and C.R,O. (maxinum gain lomv/cm) . The
bridge supply voltage was used on the X-plates of the
C.R.O. to obtain a Lissajous figure, indicating the out
of balance current through the common bridge arm., Per-
fect balance was indicated by a horizontal C.R.O. trace,
and the presence of non-linearity in the components re-
sulted in finite width in the figure at higher voltages
(i.e. a flattened 'figure 8' pattern). Some non-linearity
was present in the capicitance used in the reference arm
of the bridge and so a film was measured, first using a
bank of condensers with air dielectric, and then the
standard. However, the values found in both cases were
usually equal to the experimental accuracy of determining
the balance point. If at any time the error became
excessive (> 10%), the results of this calibration were
used as a correction factor on the measured values.

The Zns-Mn films showed non-linear characteristics
and this made an exact balance with a simple R-C network
" impossible. Approximate balance gave a complicated
pattern and introduced the problem of which particular

condition represented a justifiable balance point.
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Thornton reported this uncertainty and took balance as the
point of zero phase difference and zero slope at the
origin, (Thornton 196l1). This implied a balance at the
zeros of the A.C. voltage, with a disregard for behaviour
at other points in the voltage cycle. As emission occur-
red at voltage maxima, the value of the impedance at
these points may be quite different from the value at the
voltage zero.

Lehovic has suggested an oscillographic method for
non linear elements, but to analyse the results it is
necessary to assume that the impedance has the same.value
during the voltage increase and decrease, which is not a
priori true for these films, (Lehovic 1949).

As it was impossible to match the film impedance
through the voltage range exactly, it was necessary to
find the impedance in terms of an equivalent R-C at each
point of the voltage cycle. It was supposed that at
balance for a given voltage, the C.R.0. trace at that
voltage was horizontal and lying on the horizontal axis.
For a linear device, this would imply balance at all
voltages, but for the non-linear element this value of R
and C was a function of the magnitude and direction of
voltage. An exception occurred at the zeros of voltage,
where it was usually possible to bring points 1 cycle
apart into coincidence and maintain both approximately
horizontal (< 2°) on the C.R.O.

Balancing the bridge at about 20 points throughout

the voltage cycle gave the variation of resistance and
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capacitance through the voltage cycle. To determine which
part of the balance figure corresponded to increasing
voltage from zero (i.e., either curve A or B in Figure
2,13), a voltage, proportional to the light intensity
from an electroluminescent film, was fed via the photo-
multiplier to the bridge causing superposition of this
pulse on the oscilloscope trace. The light pulse had a
sharp rise followed by a slower decay, which enabled the
identification of the voltage increase trace on the
figure representing the out of balance bridge current.

The resistive component of the A.C. current was
obtained at the mid point of the balance figure and at
points corresponding to the two brightness pulses, over a
range of voltage producing light emission. While the
absolute values of the current were different (in general
by about a factor of 1.5) the slope of the I-V character-
istic was unchanged. This justified Thornton's results
using the zero voltage balance point.

A balance at the mid point of the oscilloscope
trace was used to obtain the results to be described

later in this thesis.
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3. PREPARATION OF CONDUCTING GLASS

3.1 Tinoxide films

Transparent conducting substrates are required to
form one electrode of the condenser geometry used to study
the emission from films. Two forms of conducting trans-
parent films were used during this work. These were tin

oxide (Sn0. or a higher form) and cadmium oxide (CdoO).

2
The Sn0_ films were deposited on 3" x 1" pyrex

microscope sliges by spraying them with a solution of
equal parts of acetic acid, ethyl alcohol and stannic
chloride. During the spray, the slides were maintained
at a temperature of approximately 650°c, (Preston 1950).

A heavy stainless steel platform was made to slide
through a l%u diameter tube furnace and the temperature of
this was measured by a chromel-alumel thermocouple welded
to the stage. Two glass slides could be mounted on this
stage, which was then moved into the furnace until its
temperature reached 650°C. It was then moved out and
sprayed with the above mixture for about five seconds,
during which the temperature fell by some 2o°c. The
slides were then returned to the furnace and the pro-
cedure repeated, until sufficiently low resistance films
were obtained. The spray was obtained from a simple
atomiser using compressed air to give more uniform re-
sults. An exhaust fan removed the large amount of gaseous
products from this reaction. Three cycles of spraying

were usually sufficient to produce films with resistance
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of the order of 500 ohms measured over 1* by two point
probes.

If a temperature in the neighbourhood of 700°c was
used during spraying, the resulting film was of much lower
resistance (100 ohms across 1%), but was covered with
white specks which made the films unsuitable for use as
electrodes. This was thought to be due to small flakes of
metallic tin which would also account for the low resist-
ance observed. If the temperature was too low the re-
action was unable to proceed fully and the films were of
much higher resistance (several thousand ohms) , Heat
treatment above 550°c was found to increase the resistance
of the films made by this method.

The transmission of the best films was approximate-
ly 95% for visible light and they were of 250-500 ohms
resistance. The optimum spraying temperature was
630-670°C.

During the course of this work some NESA conducting
glass (Sno2 coated glass) was obtained from the Pittsburg
Glass Company U.S.A. The transmission properties of this
were excellent approaching 100%, but the conducting layer
was easily destroyed by heat treatment at 550°C. The
films made in this Department were unaffected by this
temperature and also by most acid treatment. However, both
preparations of SnO2 could be removed slowly by 40% HF,
which appeared to attack the glass itself by piercing the
SnO2 in minute spots possibly at microscopic defects.

It has been shown that deposition of Sno2 films at
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temperatures of 750°C produced films, which were almost
unaffected by temperatures of 600-700°C after the film
formation (Thornton 1962 private communication).

The results described above indicate that at these
deposition temperatures, the transmission of the films
decreases because of the supposed tin deposition. It is
possible that these inhomogeneities are due to the random
size of spray droplets causing localized reactions at
higher temperatures. An alternative method (Gomexr 1953)
uses a reaction between vapour from SnCl2 at 60°C and
glass at a high temperature. This method would eliminate
the microscopic droplets and may allow higher deposition
temperatures without a drop in transmission.

The uniformity of the Sn0, films was very good. A

2
shadowed replica of a conducting film showed very small
crystallites (=100A) with no apparent preferred orient-

ation.

3.2 Cadmium oxide films

The high temperature required for the preparation
of Sno2 films made them unsuitable for application to
surfaces which would be affected by a high temperature,
viz. 650°C. This was an important consideration when
preparing ZnS.Mn films between two transparent electrodes,
instead of one transparent and one metallic electrode.

Cadmium oxide (CdO) forms a transparent film of
high conductivity when formed by cathodic sputtering in a
controlled atmosphere (Holland 1960) .

The sputtering chamber was a 6" glass bell jar
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mounted on a steel base plate.

An aluminium stand was secured to the base plate and
this supported the 1" square glass slides to be coated. A
2" diameter cathode of Cadmium (99% pure) was held 1l.5cms
above the slides by a glass cylinder. The cathode was
machined to fit the top of the glass support and its sur-
face was polished to reduce the possibility of an arc
discharge initiating at irregularities in the cathode sur-
face. The cathode-anode spacing was adjusted by packing
with aluminium sheet under the glass slides. The lead
from the cathode to the glass cone through the base plate
was shielded by a glass cover, which was found necessary
to confine the discharge to the region between the elec-
trodes (Figure 3.1).

The power required for sputtering was obtained from
a 1500 volt 20ma supply. The output was controlled by a
rotary auto-transformer. The tendency to develop an arc
discharge between the electrodes was reduced by connecting
a large choke in series with the meter, which monitored
the sputtering current. The pressure during sputtexing
was about 10_3torr. Higher pressures favoured the form-
ation of an arc discharge between the electrodes. This
tendency was favoured by a higherxr voltage ( 1500 volts).

The procedure used for sputtering was to apply
about 1000 volts between the electrodes, with the pressure
less than 10-4torr. The pressuré was slowly increased by
use of a leak valve until a glow dischaxge appeared. The

voltage was then increased and the pressure adjusted until
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the cathode dark space extended approximately 0.5cms from
the cathode. The discharge current was varied between 8
and lOma (0.4 to 0.5 amps/cmz). An improvement in the
stability of the glow discharge was noticed after prolonged
operation. This effect has been reported before and ex-
plained by an ageing process at the cathode surface.

Holland has summarized the results which have been
reported for Cd0 films (Holland 1960). The highest con-
ductivity films were prepared by sputtering in an atmos-
phere of nitrogen and oxygen. This was consistent with
the theory of conduction in these films which supposed an
excess of cadmium atoms (Preston 1980).

Recent results also indicate conduction by dangrs
resulting from excess cadmium (Lakshmanan 1963). This
author observed a resistance of 22.4K ohms/square for a
film sputtered in pure oxygen and a value as low as 88
ohms/square, using a 98% Argon 2% oxygen mixture.

The results obtained here agree with this conduc-
tion mechanism. Films with resistanca of approximately
500 ohms (between two probes 1" apart) were cbtained,
using a leak from a cylinder of dry nitrogen. The thick-
ness of the films was not measured, but they showed a
strong yellow transmission indicating that the thickness
was at least A/2 optical thickness. The deposition time
for these films was about five minutes. To minimize the
temperature rise during this time, the sputtering could be
carried out over five intervals of one minute each, allow-

ing time to cool between each deposition.
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The resistance of the films may be further decreased
by heating in air or in vacuum at 350°for 30 minutes or
longer. Reductions of up to five times in the resistance
were obtained.

A number of films were prepared using different gas
atmospheres. However, by variation of sputtering current
and cathode dark space dimensions, it was not possible to
reduce the resistance below several thousand ohms and
maintain a film with good transmission properties.

The transparent conducting films finally used had a
resistance of several hundred ohms with a transmission of
approximately 85%, making them ideal for use as transparent

electrodes.

3.3 Substrate preparation

Sno2 coated glass was highly resistant to acid
attack. Therefore to clean the substrates, in preparation
for the Zng film, they were immersed in hot chromic acid.
They were :hen washed in distilled water and finally
cleaned by ionic bombardment.

However, because deposition was usually made onto
high temperature substrates, this cleaning procedure was
not always required. Identical adhesion to the substrate
was obtained by cleaning in acetone when the substrate was
baked, before evaporating the sulphide.

cd0 films were easily destroyed and therefore were
usually used directly after they were made to ensure

uncontaminated surfaces.
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4., PREPARATION OF ZnS.Mn PILMS WHICH SHOW ELECTROLUMINES -
CENCE IN A REPRODUCIBLE FORM

The methods of film preparation described in the
literature generally require either high temperature
growth of ZnS or high temperature impurity diffusion.

Both these techniques give little opportunity to vary the
conditions which produce an electroluminescent film. How-
ever the method of a single evaporation reported by Koller
(1960) offers improved possibilities. For films prepared
by this method, the details of the light emission observed
from the films may be directly related to the conditions
during the film evaporation.

The properties of evaporated semiconducting films
in general, are extremely sensitive to the conditions
during an evaporation (Davey et al, 1963 on Germanium
films) . However, when diffusion methods are used, the
temperature required for the diffusion is sufficient to
destroy any properties of the film which may have been
related to the conditions during the actual evaporation.

Koller (1960) found that a single evaporation would
produce an electroluminescent film only if manganese was
used as the activator. Other activators required post
evaporation firing of the activated ZnS film.

Therefore interest was concentrated on ZnS.Mn films.
This particular system was thought to possess several ad-
ditional advantages, mainly because of the single activator.
This would eliminate complex enexgy transfer processes

between multiple activators. It is well known that the
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transition responsible for the characteristic manganese
emission at 58608 occurs between two localized levels of
the manganese ion in the zZn8 lattice (Klick 1955). The
ground state of the Mn+* ion in ZnS lies sufficiently far
below the valence band edge so that ionization of an
electron into the ZnS conduction band is not thought
possible (Piper and Williams 1958). These congiderations
show that only excitation of the manganese centres will
occur, rather than ionization. Therefore, changes in
free carrier density in the conduction band will not
effect the rate at which an excited centre will emit radi-
ation. This may simplify the interpretation of experimen-
tal results.

It is shown in the following sectione that, when
used in low concentration (about 0.01%), manganese must be
present with a second impurity ion to produce an electro-
luminescent film. However, it will also be shown that an
electroluminescent film containing only manganese is
possible, and differences between these two techniques will
be discussed ih a later chapter in terms of enerxrgy transfer
processes.

Koller also found that a substrate temperature,
greater than 250°c was necessary if an electroluminescent
film of ZnS.Mn was to be evaporated. This temperature was
redetermined, and found to be 290 + 5°C for ZznS.Mn films
evaporated from Zn8.Mn powder phosphors (see Section 4.2b).
This critical temperature was also determined for ZnSe

films activated by manganese (see following sections).
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The values for critical temperature could not be given to an

accuracy better than 10°c, because the change in the inten-
sity of the electroluminescence was not sufficiently rapid.
The electroluminescent brightness decreased as the substrate
temperature decreased through the critical temperature,

This therefore increased the voltage at which light was just
detectable. As the substrate temperature decreased further,
the breakdown voltage for the film was reached before stable
emission was observed.

The variation of the voltage at which light could be
just detected, hereafter called the 'threshold voltage',
with substrate temperature for ZnS.Mn (0.01%) films is shown
in Pigure 4.1. It should be noted that this threshold is a
threshold of the light detecting system rather than a

threshold for a process in the electroluminescent film.

4.1 Preparation of electroluminescent films by diffusion

To obtain a comparison between electroluminescent films
prepared by evaporation and by diffusion techniques, some
ZnS.Mn films were prepared by a modified diffusion method.

A film of manganese metal was deposited on an evaporated
film of pure 2nS without admitting air to the vacuum system
between the two evaporations. The manganese contained only
trace impurities (several parts/million). The metal was
diffused into the sulphide for three hours at a temperature
of 550°C (Vliasenko and Popkov 1960). An aluminium electrode
was then evaporated on the film to form the second electrode.
This was done in a vacuum system operating at 5.10-5torr.
The aluminium was usually about 5000A thick. Similar elec-

trodes were used on all electroluminescent films described
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in this thesis unless atated to the contrary.

The diffused film was electroluminescent showing the
characteristic radiation of the manganese ion. The thick-
ness of the manganese layer,relative to the sulphide
thickness was such that the proportion of manganese to Zn$S
was about 1 in 500, As all the manganese apparently dif-
fused into the ZnS, the concentration in the film was
about 0.2%Mn. Preferential diffusion between crystallites
may have reduced the concentration in the 2nS crystals,

The preparation of films by this method was critically
dependent on the diffusion temperature. This dependence
would make controlled variation of the properties of the
activated film difficult. In fact the crystallite size
was considexrably modified by this diffusion so that the
structure of the diffused ZnS.Mn film was not closely re-
lated to that of the pure sulphide film (see Chapter 5.1).

The preparation techniques described in the following
sections gave films which were electroluminescent without

any need for post evaporation heat treatment.

4.2 Preparation techniques for direct evaporation of
electroluminescent films

(a) Zinc sulphide and metallic manganese

Luminescent grade ZnS (99.99% supplied by Derby and Co.

England) was used in this work. The powder showed a green-
blue luminescence most likely due to free chloride and oxy-
gen. Pure manganese metal (impurity several parts per
million) was obtained from Johnson - Matthey, London.

Thin molybdenum foil (0.01") was used to form a small
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evaporating boat. Several small chips of manganese were
placed in the boat which was then filled with ZnS powder.
The powder was pressed together to minimize loss during
the evaporation.

The heating current through the boat was slowly in-
creased until the ZnS began to evaporate. This temperature
was approximately 950-10509c, measured by viewing the walls
of the boat with an optical pyrometer. If the temperature
of the (tin oxide coated glass) substrate was greater than
290 C the resulting films showed electroluminescence at
an applied voltage of 20-30 volts. The emission seemed
quite uniform and its wavelength (5850A) showed that man-
ganese ions had been excited by the applied field. Some
properties of the light emission from these films are dis-
cussed in a following chapter.

This method, although rather crude gave the first
successful electroluminescent films, but was difficult to
control because both the ZnS and Manganese necessarily evap-
orated at the same temperature. Thus there was no way of
varying the activator concentration. Increasing the boat
temperature to give a thicker film (> 1000A) resulted in
films which did not show electroluminescence. This may
have been due to excessive manganese evaporating at the
higher temperature, or to some other change caused by the
increased boat temperature. The sensitivity of film resist-
ivity to small changes in the evaporating temperature has
been reported (Davey 1963).

To obtain an electroluminescent film by this technique
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the evaporation rate could not be varied from a value of
about 100A/minute. .

mmcmofﬁonthodutmmmappama
otduMlemﬂmeymton
the boat temperature and as a result many films were in-
active, although the conditions were apparently the same as
when successful films were made. This sensitivity was
thought to result from the strong temperature dependence of
the magsnese evaporation rate.

Several attempts to determine the concentration of
nnguminthofilumeudchymighingmmgmc
chips before and after evaporatioa of all the ZInS in the
boat. Although the weighings were carried out to the near-
est 10 micrograms, the results were not reproducible. Row-
ever an indication that the films contained about 10"grm
ofmcpuqmot“mobuimd. The amount
incorporated at each evaporation was likely to have been
different from this average because of the large excess of
manganese used (about ones ailligram) .

Another disadvantage of this method was an uncertain-
ty concerning the even doping of the film because of the
different temperature threshold for evaporation of the two
materials.

It wvas found that it was possible to slowly evaporate
a InsS film which contained no manganese because the boat
temperature was not sufficieatly high to evaporate the
metal. As the boat temperature was slowly increased during
the evaporation to maintain the same evaporation rate, the
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above result introduced some doubt about the uniformity of

the manganese incorporation.

To obtain a greater degree of control during the
film preparation, pure ZnS and metallic manganese were
evaporated from two independently heated boats. The boats
were as close as possible to ensure that the two beams of
ZnS and manganese were directed onto the substrate. The
current through the manganese boat was monitored and adjus-
ted until a film of given thickness (e.g. 1l00A) was deposi-
ted at a uniform rate in a given time (e.g. 2 minutes).
This procedure was repeated exactly when the ZnS was being
evaporated. After 2 minutes of both materials evaporating,
a cover was moved over both boats to end the film formation.
The concentration of manganese in the films was found from
the known thickness of manganese deposited initially and
the final thickness of the composite film,

It was difficult to obtain uniform films of manganese
with thickness much less than 1002. Therefore to obtain a
concentration of even 10-2g/§, the final film needed to be
one micron thick. To keep the thickness of the ZnS within
reason the path of the evaporating manganese was interrupted
by a rotating chopper. This was of 2" diameter aluminium
with a 0.1" width slot cut out on the circumference. It was
rotated from outside the bell jar wall by using magnetic
coupling between 2 short bar magnets, one rotated by an
electric motor outside the vacuum system. The rate of
rotation was several hundred revolutions/minute, so that

over a five minute period in which a 50008 zZnS film was
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deposited, the shutter was open about 2500 times. This
ensured that manganese was deposited uniformly on the
substrate as the ZnS crystals were formed, because the
shutter was open every 2R of film growth, However, no
electroluminescence could be detected in films made by this
method.

It was thought that this negative result may have
been due to the manganese not being incorporated in the
ZnS film. That this was not the case was shown by placing
a small piece of film (on a cover slip) in the cavity of an
E.S.R. spectrometer. A six line spectrum, superimposed in
some cases on a broad line was observed which showed the
presence of the Mn++ ion at an approximate concentration
of 0.1% (Schneider and England, 1951). This agreed with
the amount supposed present from the details of the prepar-
ation.

The determination of the manganese content from the
character of the E.S.R, spectrum was considered and will be
described later in this chapter.

The failure of this method to produce successful
films was not a fault in the particular technique, but
rather the result of not fulfilling one condition which was
necessary to give electroluminescent films. The importance
of this condition was discovered at a later time and with
the knowledge of its importance the above technique was
then modified and used successfully. This necessary con-

dition will be described in the next section.
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4.2 (b) Evaporation of Zn§ powders

Because of the lack of success with the above tech-
nigque direct evaporation of an electroluminescent powder was
considered, Methods for preparing luminescent phosphor
powders are well known, and it was found that a luminescent
phosphor could be made very easily by firing a mixture of
pure 2nS with the impurity (0.01% Mn as Mnso4) in a stream
of dry oxygen-free nitrogen for 3 hours at 1100°c. The
powder was cooled over several hours, washed in acetic acid
to remove free Zn0 and washed finally in distilled water.
This was then evaporated from a molybdenum boat as before.
(In the initial stages of this work an electroluminescent
powder was kindly made available by D.H. Brown, Weapons
Research Establishment, South Australia. This gave the same
results as powders prepared in this Laboratory.)

It was found that if conditions were such that excess
of zinc was evaporated with these activated powders, electro-
luminescent films could be produced. The emission was then
centred at the characteristic manganese wavelength, and
different evaporation rates (zoog/minute to Zooox/min) were
used successfully to deposit films of varying thickness.

The presence of excess zinc during these evaporaticns was
shown by the following observations.

The molybdenum boat was always initially degassed and
cleaned by heating to 1300°C for 5-10 minutes. During this
time the potassium, usually present in molybdenum, evapor-
ated and so minimized the contamination from the boat

during subsequent Zn$ evaporations. The first evaporation



55,
from a clean boat always produced a non electroluminescent
film., A new charge of powder was placed in the boat and a
second evaporation performed onto a new substrate. This
was repeated until the films suddenly began to show light
emission., Usually this occurred after 3-5 evaporations
from the same boat. As long as the same boat was used,
additional films were successful but if a new boat was used
another geries of 3-5 films had to be made before electro-
luminescence appeared.

The resistance of the films made from powder evap-
oration was measured at a D.C. voltage of 1 volt, using
electrodes of constant area, It was generally found that
non electroluminescent films showed relatively high resist-

ance, lO8 ohms or more, (implying an approximate resistivity

p, greater than 10" ohm cm . Films which showed light
emission were of much smaller resistance, 104-105 ohms
(p==5.107-5.108 ohm cm ;. This correlation was confirmed

by making several series of films under identical conditions
using the same boat. The first four or five films showed no
electroluminescence and were high resistance, while the next
and subsequent films were low resistance and showed strong
light emission.

Electroluminescence in films evaporated from ZnS
powder contained in a clean degassed boat could not be pro-
duced by variation of evaporation rate, oxygen pressure in
the vacuum system or the temperature of the substrate.

While all of these guantities produced small variations in

the resistance the observed changes were not as marked as
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the decrease correlated with the appearance of light emis-
sion,

These results suggested that the cause of the low
resistance films was related to the use of the same boat
for several evaporations. The condition of the boat was
therefore examined and it was found that as the number of
evaporations from a given boat increased, there was a cor-
responding increase of a grey metallic coating over the
inner walls of the boat. It was possible to scrape a small
amount of this off and an analysis showed it to ke zinc
metal. There was a small amount of manganese metal present
also.

Therefore, either the manganese content had been too
small to give emission or the excess zinc caused by reduc-
tion of the 2ZnS on the crucible walls was necessary. The
first possibility was not valid because even at a manganese
concentration of 1.0% in the powder, the accumulation effect
occurred. Later evidence showed that as little as 5.107>
gm/gm of manganese was sufficient to give light emission.

The exceés zine in the boat would build up over the
period of 3~-5 evaporations and reach a sufficient level to
provide appreciable zinc doping of subsequent films. This
also explained the sudden fall of resistance as excess zinc
in ZnS may act as a donor with energy levels 0.25 - 0.30e.v.
below the conduction band of Zns (Bube 196C. , Baba 1953),

From these results the evaporation of an electrolum-
inescent film must be performed from a Zn$8.Mn phosphor

containing an excess of zinc. The way in which this excess



57.

produced electroluminescence was not clear from these exper-
iments, however the presence of a zinc excess was associated
with a decrease in film resistivity.

With this information it was possible to deposit a
film from an electroluminescent powder in a new boat immedi-
ately, by adding an excess of zinc metal to the powder
before the evaporation. It was found necessary to use 1%
of zinc. However, the actual mixing of the two was only
mechanical and it wae possible that the difference in evap-
orating temperatures affected the amount of zinc incoxrpoxr-
ated in the film. The mixture was preheated at 5oo°c for
30 minutes and then raised steadily to the evaporating
temperature of ZnS8. No initial evaporation of zinc was
detected on a moveable glass slide placed over the boat
containing the 2ZnS.Mn - Zn nixture.

Using this technique there was still some doubt con-
cerning the relation betweesn the manganese concentration in
the film and in the original powder because of the mangan-
ese deposit in the evaporating boat. This was also shown
by evaporating powders with a high manganese content (1% .

A green residue was left in the boat after evaporation
which contained about 10% manganese (possibly MnoO, melting
point 1546°C). This proved that it was difficult to
incorporate a large concentration of activator in the

films by this method.

4.2 (c) Evaporation of ZnS.Mn films from large crystals of

zZns

The most successful method of film preparation was
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the evaporation of large single crystals. The reproduc-
ibility of films prepared in this way was excellent, and by
evaporating the whole volume of a crystal the doping impux-
ities were transferred to the film with a minimum loss by
preferential evaporation, This was shown by the sensitiv-
ity of the films to small amounts (0.01%) of impurity

added to the crystals during their preparation.

The usual preparation of 2ZnS crystals uses growth
from the vapour phase (Frerichs 1947). A preliminary
attempt was made to ascertain the guitability of crystals
obtained in this way for the preparation of electrolumin-
escent Zn$.Mn films,

The preparation method was conventional, Five grams
of 2Zn8.Mn (0.01%) were heaped at the closed end of a quartz
tube (1" diameter). The tube was then filled with dry st
to a pressure of 10mm of mercury. The st was produced by
a chemical reaction between calcium sulphide and a satur-
ated solution of magnesium sulphate at 60°c.

The furnace tube was evacuated to 10 %torr before
filling with st to a pressure monitored by a mercury man-
cumeter. The tube was then heated in a furnace for 62 hours
at 1170°C. The ZnS sublimed from the high temperature end
of the furnace tube and condensed to form needle sghaped
crystals on the cooler walls of the tube (Pigure 4.2). The
average size of the crystals was 0.5cm in length with a
square cross section of 0.5mm on a side. The average
weight of a crystal was 1.0 milligrams. The crystals showed

a pale yellow colour indicating the presence of manganese.
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These crystals of 2ZnS.Mn, grown from the vapour phase with-
out any zinc doping, did not produce electroluminescent
films when evaporated. Negative results were also obtained
with cubic ZnS.Mn crystals obtained from Semi-elements Inc.
U.S.A.

X-ray analysis of the crystals grown in this labor-
atory showed the presence of a large concentration of
stacking faults in a basic hexagonal structure, but no
evidence for the cubic phase of ZnS. (The analysis was
done by Dr. B.W. Matthews in this laboratory). This obser-
vation is similar to that made for 2ZnS crystals grown in
vacuum (Piper 1952).

This variation of the vapour phase method produced
very small crystals and required an excessive time for their
growth., Although the formation of large crystals from the
vapour phase is possible (Greene et al 1958) , an alternative
method involving melting ZnS under pressure was developed.

Pure ZnS and 2ZnSe powders (99.99% purity) were used
to grow crystals from the liquid phase. 2ZnS melts under
pressure (> 100 p.s.i.) at 1830°c while ZnSe melts at 1515°
at a similar pressure. The method of growth has been des-
cribed (Chapter 2.4).

The crystals of ZnS grown by this technique were
shown to be of mixed cubic and hexagonal structure by X-ray
diffraction. An oscillation of 15° about the vertical axis
of the crystals (i.e. the axis of the crucible during
growth) gave a photograph showing spots corresponding to

reflections from both crystal modifications of ZnS.
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Many reflections appeared as rather diffuse spots
indicating the presence in the crystal of regions of dis-
order (Henry et al, 1953).

The mixed crystal structure of the crystals was also
evident from the electron spin resonance spectrum of mang-
anese (Mn++) in the crystals. Lines due to Mn++ ions in
sites of hexagonal symmetry were observed, together with
lines identified as due to Mn++ in cubic sites.

Purther investigation of the crystal structure was
not considered because the crystals were only a convenient
source of ZnS for evaporation purposes.

In contrast to this mixed crystal structure, ZnSe
formed pure cubic crystals. This was shown by X-ray dif-
fraction (Cavenett 1964) .

Figure 4.3 shows some crystals used in this work and
others successfully grown in the apparatus described in
Chapter 2. The ZnS cubic crystal was obtained from Semi-
elements Inc. The colour of the ZnS.Mn vapour phase cry-
stals was pale yellow (due to manganese), while the melt
grown crystal showed a pale green body colour, together
with a yellow colouration due to manganese.

Of particular importance was the incorporation of
manganese in the crystals. At an added concentration of
0.01% in ZnS, the crystals showed a pale yellow luminescence
(36502 excitation) together with a faint green emission.
The glow was uniform indicating uniform activation. The
segregation of impurity at the top of the crystal observed
by Addamiano was not noticed here, due to the rapid cooling
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used. Sufficiently uniform doping (even at ZnS.Mn 1.0%)
was obtained to ensure that each small part of the crystal
used, contained the same proportion of impurity. However,
if the cooling time was extended,segregation occurred at
the top of the crystal boule as shown in Figure 4.3. Cry-
stals of zinc selenide prepared by a rapid cooling (60
minutes) also showed no segregation.

Analysis by the X-ray fluorescence technique
(Australian Mineral Development Laboratory, Adelaide) showed
that all the manganese added to the ZnSe crystals had been
incorporated in the crystals. However, the proportion in
the ZnS was 2 - 2.5 times more than originally added. This
was due to the loss of ZnS during crystal growth.

ZnSe.Mn crystals grown from the melt did not produce
electroluminescent films when they were evaporated. This
was observed for all substrate temperatures. However, if
excess zinc (as the metal) was added to the powder which
was used to. grow the crystals, the evaporated films showed
electroluminescence. The amount of zinc required was about
1%. However, 0.4% was insufficient to produce an electro-
luminescent film at any substrate temperature.

The critical substrate temperature for ZnSe.Mn
(0.01%) , Zn(1%) films was determined as 310 * SOC, using a
nickel iron thermocouple. For ZnSe.Mn (0.01%) 2Zn (2.6%),
this temperature was also found to be 310 % Soc.

In contrast to the results for ZnSe, ZnS.Mn crystals
grown from the melt produced electroluminescent films with-

out the excess zinc doping. The critical substrate
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temperature was 290 + SOC, the same value as found for
films deposited from activated powders.

The resistivity of electroluminescent films (both
ZnS and ZnSe) was about 5.10° chm cm-l, an order of magni-
tude higher than observed for ZnS.Mn, Zn films prepared
from powders. This difference may have been a result of
the unknown amount of excess zinc present when powders
were evaporated. However, even when 1% of zinc was mixed
with ZnS.Mn and evaporated from a clean boat, the film
resistivity was lower than when crystals were used.

The variation of film resistivity with substrate
temperature is shown in PFigure 4.4. A similar variation
was observed for ZnSe.Mn, Zn films.

Because electroluminescent films could be deposited
from ZnS.Mn crystals without zinc doping, it was necessary
to suppose that they contained this excess due to some
reaction during crystal growth from the melt. This possib-

ility is considered in the following section.

4.3 Excess zinc in ZnS.Mn crystals

Some properties of excess zinc in ZnS have been
reported. The excess provides two donor electrons, one
easily ionized (0.3e.v.) below the conduction band and the
other responsible for a green luminescent transition between
the ion and the conduction band of the 2Zns, (Krdger 1956).

It has been suggested (Addamiano 1963) that the ZnS
in the carbon crucible used for the crystal growing may be
reduced to zinc on the crucible walls. A similar reaction

may occur for ZnSe in a carbon crucible, but evidently the
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amount of zinc introduced is not sufficient to produce
electroluminescence in films evaporated from the crystals.

Pure ZnS was sintered at 1600°c for several minutes
in the bomb and then cooled quickly. A self supporting
pellet of ZnS was obtained and this was broken across its
length and the exposed section irradiated with 36503 radi-
ation. A strong green luminescent ring around the outside
of the pellet was visible. This green area penetrated
into the bulk about lmm., The bulk showed a weaker blue-
orange luminescence (Figure 4.5).

Analysis of the powder from the outside and the
centre of the ZnS showed that the ZnS which had been in
contact with the crucible walls contained about 1.0% more
zinc than the bulk. This difference was a significant one
in the opinion of the Analyst (Australian Mineral Develop-
ment Limited, Adelaide). This supported the theory of
excess zinc formed next to the crucible walls when ZnS
crystals were grown from the liquid phase.

After the %ZnS had been melted and cooled to form a
crystal, the photoluminescent spectrum was modified. Fig-
ure 4.6 shows the spectrum from a pure ZnS crystal. The
crystals showed a uniform pale green colour, and this was
reflected in a strong emission peak at 56002 when the cry-
stals were excited by U.V. (36508) radiation. This was
assumed to be due to the excess of zinc which on melting
had been uniformly distributed in the crystal. Photolum-
inescence in ZnS due to excess zinc has been found at

51008 by Smit and Krdger (1949). The difference in
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wavelength may be attributed to other trace impurities in
the 2Zn8 used by these authors.

An additional emission band in the ZnS crystals was
observed at 5900-5980K. It was noted also that the emission
bands at 5375 and 4900R, obgserved from the sintered Zn$,
were negligible.

Figure 4.6 also shows the spectrum of ZnS.Mn (0.01%).
The manganese was added as Mn804.320. The characteristic
manganese emission at 58503 was observed and the 59802
peak enhanced. A new band at 4BOOR was also observed, If
the manganese was added as the metal only 5850 and 56OOR
emission peaks were observed. Therefore the peaks at
59802 and 48002 were caused by the oxygen in the Mnso4.H20.
The presence of oxygen in the system ZnS-MnO shifts the
manganese band at 5860K to approximately 5900K (Osiko 1962)
and this may account for the band about 60003. The presence
of oxygen in a nearest neighbour site of an excess zinc ion
may be sufficient to explain the 49002 band.

These results showed that ZnS.Mn crystals contained
a zinc excess and that oxygen as well as manganese was pre-
sent. The effect of the incorporated oxygen in the crystals
on the electroluminescent properties of films was neglig-
ible, because similar results were obtained when ZnS.Mn and
ZnS(Mnso4) crystals were used to deposit the films.

The emissi