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CHAPTER 1

LUMINESCENT PROPERTIES

OF THE II - VI COMPOUNDS

1.1 INTRODUCTION

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

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

Luminescenée is usually divided into two broad classes. These

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

must be taen into account.

1.2 EDGE EMISSION

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

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

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

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

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

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

1.3 EXCITON EMISSION.

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

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

|
8%
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where H is the reduced mass of an exciton, K is the dielectric constant -
of the material, R is the Rydberg constant, m is the free electron mass.
and hVg = E, the bandgap of the material. -

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

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

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

the donor ionization energies of certain impurities.

1.4 DEEP CENTRE EMISSION

Nearly all phosphors which find practical applications are made

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

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

in the case of non-localized transitiens.

1.5  NON-LOCALIZED TRANSITIONS

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

by photoconductivity. This shows that the electron transitions involve

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

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

a co-activator is simply a donor.



-

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

pensated by the farmation of aniom vacancies.

1.6 MODELS FOR NON-LOCALISED TRANSITIONS

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

hole at this centre (figure 1.3A).
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Fig.t4.




-7

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

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

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

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

levels.

1.7 APPLICATION OF THE MODELS TO ZINC SULPHIDE

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

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

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

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

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

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

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

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



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

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

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

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

known after over twenty years of serious study.

(b)  Copper Red Emission

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

undecided.
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(¢) Copper Infra-Red Emission

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

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

65Zn which slowly decays to 65

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

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

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

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

electron transitions.

(d) self-Activated Emission

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

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

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

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

' configurational coordinate model which is described later.

1.8 LOCALISED TRANSITIONS

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

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

are of limited use.



1.9 CONFIGURATiONAL COORDINATE MODEL

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

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

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

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

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

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

This representation of the emission and absorption processes shows

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

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



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

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

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

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

ions upon excitation, the resultant band will be distorted towards

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

‘and emission bands is related to the Stokes shift.

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

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

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

with v, replaced by Vg

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

the treatment was necessarily simplified, its predictions were found

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

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

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

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

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

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

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

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

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

6A1 (6s) ground state.

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

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

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

* are well known and the emission and absorption bands are

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

to determine and generally not known.

1.10 THERMAL QUENCHING

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

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

as

w

- 1 (1.2)
14+ C exp (-ﬁ) .

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

from the luminescence centre to the conduction band before it has
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Fig+10. Models for Efficiency Reducing Prpcesses-' in Localized Emission Centres.
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sufficient time to recombine with a free hole.n In this case the energy

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

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

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

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

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

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

minescence efficiency 17 is then given by

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

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

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

luminescent efficiency.

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

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

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

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

pretation is still unclear.

(2) EBdge and Exciton Emission

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

sulphide. Thus the two edge emission series were attributed to a bound
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to bound transition involving a donor level 04015 eV below the condﬁc-
tion band and an acceptor level 0:12 eV above the valence band and:é

free to bound fransitlon between a conductlon electron and a hole bound

t- .o ~ame acceptor. Results on hexagonal material have also been ex-
plained with the same model, though with slightly different values .for

the energy levels 1nvolved, (Gross and Suslina 1963, Liang and Yoffe ‘
1967 a). Dlscrete distant pair recombination lines first seen in gal;
1ium phosPhide (Hopfield et al 1963) and later in cadmium sulphlde (Henry
et al 1969) have been observed in zinc selenide (Dean and Merz 1969)

Time resolved spectroscopy also supports the suggestion that thellow.en-
eréy series is associated with distant pair recombination (1ida 1968).
Exciton emission in zinc gelenide has been studied by several workérs

and the I1, I, and I3 bound exciton lines have been identified (Pérk

and Schneider 1968, Iida and Toyama2 1971, Merz et al 1972). These results
all suggest that the edge émission processes in zinc selenide are.very
similar to those proposed for cadmium sulphide, though  the exact'positions
of the levels and nature of the centres involved are still not generally

agreed upon.

(b) Deep Centre Emission

Some of the first work reported concerning the deep centrevemission
in zinc selenide was by Leverenzv(1950). Since then most intereéf'bas
centred on self-activated and cofper—activated material. Tables 1.1,
and 1.2, summarize the work done in these fields.

From table 1.1, éelf-activated material can be seen to emit in the
orange region of the spectrum although some uncertainty exists és to the
actual position of the band. There is no agreement as to the centre
responsible. Several workers suggest a ziné vacancy is present‘aé in
gelf-activated zinc sulphide, whereas others consider excess zinc is
responsible.

Table 1.2 shows the results qbtained from copper activated material.




lTABLE 1-1

<

Emission bands reported in self-activated zinc-selenide

Peak

R R L

.k '
- . Temp. not

- Peak “Peak _
y - Temp Posi-| Temp. PosiﬁTgmp. Posi- Co- Mechanism
- K tion K tion| K tion |Activator |Suggested
Leverenz (1950)) 300 6500 s Chlorine |Excess Zh
Larach(1953) 300 e020 | - ° Chlorine -
(Cathodolum.) B B e
Markovskii and | 300 6250 [170 - 6000 2 -
~ Smirnova(1961) e : : - ‘ g
Broser et. al.(196i)‘- 4.2;-‘6050‘ - -
Gross and , ,4.2: '6000 - -
- Suslina(1963) Con
Aven and 300 6000 - Zn Vacancies
~ Woodbury (1962) _ -
Asano et. al(1965) |300.-6350 - <
Aven and . * 6000 Aluminium |Zn Vacancy-
Halsted (1965) R Al pairs .
Mironov and 300, 6450 | 80 6300 - Excess Zn
Markovskii (1965) . RO
Holton et.al.(1965) 4.2 °. 6240 |Bromine,
’ o ’ Chlorine |Zn Vacancy-
4.2 6410 |Aluminium|[*! P21FS
Halsted et.al.(1965) |25 6000 [ = -
Lehmann (1967) | 80 6230 |chlorine [schén-
: r : " IKlasens
Stringfellow and - ‘85 6100 - -
Bube (1968) '
Iida(1968) 300 6150 | 77 - 6100 - Pair recom-
' - | I ‘ bination
| asano et.al.(1968a) 77 6150 = - -
' S : 6200
- . 6420 -
Asano et.al.(1968b) . 80 6200 Bromine -
S 80 6300 "~ __IChlorine -
. . . ‘\ - :
Markovskii .. - :{300 6100 [ 77. ‘6150| -« - Excess 2n
. et.al(1969)” |7 . - R :
...... < : \\:- o
g : specified




TABLE 1-2

Emission bands reported in Copper doped Zinc Selenide

Peak - Peak ~Peak —_—
Temp, Posi- Tgmp. Posi- Tgmp. Posi-| Co- Mechanism
vK‘;téon K .vtéon K tion [Activator|Suggested
A |- . A S
Leverenz (1950) |300 6450 - - -
Larach(1953) . 300 .6500 SR - -
{cathodolum.) - e S .
| Markovskii and . | 300 ~6400 e (= -
Smirnova(196l) = | - "~ . o =
Morehead (1963) 77 6360 | .. liL - Schén-
. ' i RIS Klasens to_
5390 : doubly ion-
_ _ : . jzable centre
.| Aven " and . * 6360 Aluminium| Cu-Al pairs
‘ Hals?ed(lQGS).. o 5250 . _ :
Asano et.al. (1965)| 300 " 6350 - -
Nakao (1965) - * 6450 _ -
Balsted et.al. 25 6360 | - -
{1965) ' B
| - 53600 , - .
Fujiwara and = | | 78 6200 Chlorine |Cu-Cl pairs
Fukai (1966) ./ : 5350 | %+ ” _
" |Lehmann(1966) - - 80 6360 Chlorine |Schon-
' 5300 . Klasené
! - 80 6360 Iodine | Schén-
5280 : Klasens
B0 6390~ Indium or| Schon-
6425 Gallium Klasens
. |Fujiwara and ‘ |78 - 6360 Indium Cu-In pairs
Stringfellow 77 6300 - Schon-
and Bube (1968) o , Klasens-Cu
. o 5320° w Schén-
B Klasens=Cutt
<16 ~ (6300 Cu-donor
d : 6360 pairs
Iida (1969) 300 6500 |77 6400 - Schén-
L A BT Klasens
- - 5700 Curdonor
A - OFg340 pairs
Markovskil et.al. [300 6450 |77 ' 6400 - -
: . S .

"*HTémp.:nét_épécified‘, o




The reported positions of the bands are fairly consistent. 1In general
a red and green band are present at 77 °K and a gingle red band occurs
at room témperature. Rowever, the natures of the transltions responslble
are £till unknewn. Suggestions include pair recombination to explain
the low temperature red band and Schon-Klasens transitions to various
charge states of the copper ion to explain both low temperature bands.

Other activators which have received some attention include'goid,
which produces a band around 7600 £ (Markovskii and Smirnmove 1961), li-
thium (Ibuki et al 1967, Park and Chung 1971), phosphorus and arsenic
(Reinberg et al 1971).

The effects of irradiation with high energy electrons have revealed
a large.number of emission bands in both the green and red regions of
the spectrum which can be produced in undoped material simply by intro-
ducing native defects (Kulp and Detweiler 1963, Detweiler and Kulp 1966,
Watkins 1971). This shows that spectra associated with impurities may
be affected by native defects present in the fhosphor, and that the con-
ditions of growth, for example, may have an important effect on the re-
sultant emission.

Manganese activation has received very little attention, and - the
work that has been carried out has produced widely differing results.

Leverenz (1950) first reported a room temperature emission at 6500 %
which he asecribed to manganese. Later, Larach (1953) obtained a-roon
temperature cathodoluminescent band in manganese activated material,
centred at 5940 R, shifting to 6050 £ with chlorine coactivation.

Asano et al (1965) studied the effects of manganese chloride on
the phofoluminescence of zinc sulphide-gelenide powders. They concluded
that, at room temperature, the manganese emission band ehifted from about
5900 £ in zinc sulphide to around 6400 % in zinc selenide. A second
paper involved measuring the excitation spectra of the phosphors and

confirmed their previous results (Asano et al 1968 a).
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Langer and Richter (1966) measured the optical absorption and e-
mission of manganese doped crystals at 4-2°K. They observed three ab-
sorption bands which they associated with three transitions within:the
mansanese ion. They found the associated emission band at about 5815 A°.

Apperson et al (1967) attempted to correlate the photolum;nesbence
and photocondﬁctivity of manganese doped zinc selenide. They céncluded
that the groqnd and first excited states of the mangahese ion lay within
the bandgap, whereas the higher energy levels were within. the conduction
band. They attributed a band at 6350 X, at room temperature, to méngan-
ese. B

Thus it can be seen that the position of the manganese emissign
band has been reported to occur at wavelengths ranging from 5815 £ to
6500 R. Further investigation is therefore needed to clarify the situa-
tion.

In conclus;on,_it is clear that despite the work carried ouf in
the field of luminescence of zinc selenide, especially the considérable
effort directed towards copper and self—activation, a great deal of dis-
pute still exists, n&t only concerning the mechanisms involved but élso
the positions of the emission bands themselves. This is also true in
the case.of manganese aotiﬁation although comparatively little wbrk has
yet been done in this field. The problems are partly comnected with the
difficulties of obtaining sufficiently pure starting material bus also
with the fact that the emissions due to varidus impurities tend fo occur
very close together, rendering the identification of individual bands
very difficult. This is especially true in the orange region of the

spectrum.
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CEAPTER 2

* - TRANSPORT PROPERTIES OF II - VI COMPOUNDS

é2.1 'INTRODUCTION
T .In general the transport properties of a material involve both
its thermal and electrical conductivity.' This is because both processes
"are simply concerned with the transfer of energy. Many of the factors -
invoived, euch esielectron-phonon interactions, are aISO‘Comron'to both
proceeees. rIri tbie thesis the eiectrical traneport'phenomena only will
be'ﬁealt with, .Traneport'properties provide information concerning many
»of'the basicﬁproperties of a eaterial, for example theltype and number
ofvcarriers inyoited, the effective scattering proceeeee and the band
bstructure. sdﬁé'iaea of the purity of the material-is also .obtained.

If mercury and oxygen are ignored, all the compounds formed from
'groups IIb and VIb of the periodic table are eemiconductors or semiin-
sulators with forbidden energy gaps ranging from about 1.6 eV to 3. 8 ev.
The presence of impurities forming donors and acceptore, has a profound
effect upon the eonduction processes. The carrier distribution in both
“intrinsic and:extrineic semiconductors, and its-variation with tempera-

ture is described below.

2,2 CARRIFR EXCITATION IN AN INTRINSIC SEMICONDUCT®R
The diégram in figure 2.1 represents an intrinsic semiconductor
With energy gapuEé. The density of electrons in the conduction band

n, is given by:-.

5 né =/ECT S(E) F(E) dE o (2.1)




o C’Qﬁduction Band.

i

> S(E)

Fig. 241, Energy Band Diagram of an Intrinsic  Semiconductor.
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whére'S(E) id the density of available electron statésvin the conduc-

| tion band and F(E) is the probability that a state will be filled (Fermi

function) If it is assumed that the Ferm:l level By lies well within
-.the bandgap, since F(L) falls off very rapidly with energy, ECT can be
_replaced‘by o . This simply means that there is llttle chance for an
 éiectron td»bé'ln a state near ECT and that the-importgnt-region is very
close to.ECb’”'-;., | | _‘ _A = B
. Close to the §o£;§m of the conduction band the density of states is given
A D -

: [ 4n % |€ Y2
‘ﬂm _<1?><h°) (E-%J w;(aa
where ﬁéf'.% effective mass of the electron near the bottom of
the conduction band
~and-h = Plancks constant

The Fermi functiqn»is

F(E) - - ! o 2.
=) exp DB w1 (2:3)
kT

" where k' = Boltzmanns cdnatant

S o L 1
B
¢ \n’ \ ¢ Cexp< EF>+1

It is assumed that (E, - E,) > 4KT so that the unity in the deno-
hinatoi canAthenlbe ignored and_ﬁaxwell-Boltzmann statistics can be used.

When the integrai‘is evaluated, it is found that:-

| 2ﬂ'me*kT '% ; C‘-EF
n, = 2'7— exp kT (2.5)
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Similarly it can be shown that the number of holes in the valence band

| nh is given by. } _ o .“"4
2w kT - :
L

where m is the effective mass of a hole at the top of the valence
band. j |

lSince ne must equal nh, the Fermi level can be obtained from (2. 5) and

'1(26)

- : * :
Lol B+ By m .
B, <=(L—-§—*- + 3 kT log e —x o : - (2.7)
-Thgrefd;e at_all temperatures the Permi level is halfway between the
: o Cox = *
conduction and valence bands, if o= me . In general however, m

ﬁfié greater than'ﬁe* and the Fermi level rises slightly w1th increasing
-temperature. -1_‘ | ‘
Substituting equation (2 7) back into (2.5) and (2. 6) the carrier den~

’aitiea can be’ found.

‘This can be written as

S é‘c Nv>.2 exp"(zz%) (2.9)
Nb and N& aré knotn asithe‘effective density of statég in the tonducT.
tion andbvalghce'tands_respectively. |

N * \3 ) - - .

: 27m_ kT 5 o

N, = 2|——m R (2.10a)
c T h2 :
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0 foam fkT\2 - g
nv' - 2 ——1*2‘—- 2 0 (2.10p)

Equation (2 9) shows that a plot of log, n Vv % would. produce a straight

line of slope c--g ' This assumes that N and hv do not. vary rapidly

'w1th temperature.,_ L '. - R

2.3 CARRIFR EXCITATION IN AN EXTRINSIC SEMICONDUCTCR -

Two eituations vhich result from the incorporatlon of impurities'
‘:; are shown in figure 2 2. Figures 2, 2(a) and 2. 2(b) represent a semicon-
1ductor containlng ND donor atoms and NA acceptor atoms reapectively.
Normally, however, cryatals, eepecially of II - VI compounds, are not

as straightforyard as this. They tend to contain both acceptor and donor

- impurities ae‘shoﬁn in figure 2.3. ‘If ND:S NA the acceptor sites are

connletely filled with electrons frpm the donor levels, thus producing
a lower energy Bystem. Similarly if N > ND all the donor levels are
-empty. This situation is known as compensation and’ exists even at abso-
lute zero.. The number of carriers actually available for excitatlon |

is given by the difference between ND and NA' If ND‘> RA the material

’ is n-type. If NA > Ny 1t s p-type.

-In a compensated n-type aemiconductor, the density of filled donor sitee
at temperature '1’ | | |

=. density of donor sites x Fermi function

= x 2,11

,_: 1\l]) 1 .,_l exp(ED EF) ( )
o C kT
:The factor g which is introduced into the denominator, is known as the
degenerac& facton and is related,to.the number of poesible ways .in which
an electron_cen:enter a donor level. For a simple"dononslevel, as in |
zinc selenide,.g has a value of 2.

Since-the.density_of electrons in the conduction band at temperature
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(2.12)

-and the density of electrons originally 1n the donor states at

0%k = Ny - N,
Then from (2 11) (2 12) (2. 13)
N - N, = 1 - +
I
' Nb‘ -1 ; 1 ex ED ~ =  1 ex Ec
N -§ -n 2 P\ k7 2| °XP
— —
E ‘-AEF
| | c
_ NA +n i 1 exp: %7 j
_ EC—EF
but,from (?.5):n:= N, exp| — 7
o R +no ; NC
**N -N, -n E, -
B Tl c = Ep
S 2n exp_( %T )
- so that oo |
n (N,_+ n)  e3‘ - fg oxD - B -5
By =Ny -n - 2 g kT
,Eb - Eb is the donor fonization energy Ey
: .ND - NA -n - 2 kT

(2.13)

(2.15)

In this model it 1s assumed that there is no thermal excltation from

veither the valence band or acceptor levels to the conduction band or

~donor 1evels¢

encountered. ..

,This is usually true over the temperature.ranges normally
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At very low temperatures when n <ND and n< N K equation (2. 15) reduces

b0
"N - N N E

A D _"A- Cc . _"d ‘ : .

n = —NA © 5 exp ﬁ | : . (2.16)

If the material is uncompensated, that is NA = 0 then at low temperatures

" wh
_,were n«ND

. n -eé ('G Nﬁ) 2 exp Zkg o o T (2.17)

At high temperatures when all the electrons from the donor levels are

- ionized, the numher of carriers is simply

cemen e

1

Equa.tion (2 15) shows that if a plot of log, n.V. g T "is made for & com-

.peneated semiconductor, a etraight line of slope G-E ie obtained whereas
'bwith a semiconductor containing no compensating levels as deseribed by
"equation (2 17) a.line of slope °=-E-£ is .obtained. Care must therefou:e

' he taken to ensure the correct equation is used. Again in this model '
NC is assumed to remain constant with temperature. ‘ |

2.4 SMOONDUCT(RS POSSESSING LE IEV'ELS AT MORE THAN ONE DONGCR ENERGY

_ If a eemiconductor contains, for example, two different impurities
each producing levels with different ionization energies or an impurity
'with two or more electrons capable of being ionized, the situation is
e as shcwn in figure 2.4, 1t becomes necessary to modify equation (2.15)
80 as to sum the effects of each level.

Some typical plots of carrier concentration againet temperature

are shown in figure 2.5. If N <N a11 the electrons from the ehallow
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level'andpsomerfrom the deeper level fili the acceptorpcentres, the na-
i'teriai acts aela—compensated semiconductor withia donor.ionization energy
of_Edz 'and eguation (2.15) can be used. If ND1I> N, the acceptor levels
..are fully'conpensated, the material acts as a compensated semiconductor |
.with a donor ronization energy Ed1 and again equatron (2.15) can be used.
However, as the-temperature is raised level 1. is emptied and the elec-
:::-trons'are.raisedffrom the uncompensated levei 2, Now‘equation (2.17)

| should be used. If the material could not be cooled sufficiently, for
}example below the temperature ™ in figure 2. 5, it WOuld be impossible
to know whether a,shallow donor was present and therefore which equation
" should be used.‘ :

Doubly ionizable 1mpurit1es can be treated 91milar1y though care

1muet be taken to.ensure that the 1ower level does not act as an acceptor.

2.5 SEMICONDUCTORS CONTAINING A HIGH DENSITY OF DONdR IMPURITIES

| Untll now it has been assumed that no interaction occurs be tween
‘:1mpurity atoms. However, when a certain donor concentratlon is reached

* the donor wave functions begin to overlap and a donor band, ingtead of
avlevel,‘is'produced. This band can eventually .overlap the condnction
band‘and result‘;n an effective ionization energy of zero. A plot of
earrier concentration versus temperature now results in a horizontal’
‘straight line. - in this case the Fermi level is within the conduction
band and thefassumptions madé earlier do not apply. The material becomes

‘degenerate and Maxwell Boltzmann statistics cannot be used.

2.6  CARRIER MOBILITY

Apart from the carrier concentration, the other- parameter which
affecte the transport properties of a material is the carrier mobility,
which is defined as the drift velocity per unit applied field. The mo=

bllity is an indlcation of the extent of the interaction between a carrier

4
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jend.ite:Surnoundings. A factor.which.must be introdnced is the relaxa-
| tion tine T which ie_a~meaeure'of thevtime between eucceseive interac-
. tions. |

| In a netai, only electrons‘near the Fenmi levei,need be considered
and hence T is effectively independent of energy. For a metel, there-
'.fore, the mobllity P is glven by .

e SR | (@)
m —— .

whefe e ;i electronic charée B ,i
'The effectine_maes_m*igives some indication of the intenaction of the
carrier with the regular perioddc potentiel of the lattice. In a semi-
conducton there hre always a large number of empty eneigy staces available
_;in the conduction band, and hence electrons with a wide range of ener-
5ies can take part in conduction prosesses. The suitable modificatlon
4 of equatlon (2 19) will be dealt with later.

There are several means by which carriers can be scattered. A
short description of these processes in relation to electrone will now
.be given. Actual calculations are very complex and only the results
are shown. In all equations the e.8.U. system of units- is used, and the
reeulting moblllty should be dlvided by 300 to obtain 1t in normal units

of cm /volt.sec.,

(a) - Acoustic Phonon Scattering

A quantized iettice vibration in a crystal lattice is known as 2
phonon. Phononeldeform the periodic potential of the lattice and hence
cause localized changes in the width of the energy gap. These changes
produce variatlons in the kinetic energy of an electron as it passes
through the cryetal and the resultant interaction 18 known'as acoustic

phonon scattering.




. The most important feature in thls equation is the T

Bardeen and Shockley (1950) obtained the following equation for the li-

mi ting mobilitv due to acoustic'phonon scattering.

. 2 - '
B "8 ﬂ'> D C
_ ) 2 2,
3E1Am . (kT>
where p{: = den81ty of the semiconductor B
-CL = 1ongitud1na1 acoustic wave velocity
B, = a measure'of the change in position‘of the conduction
) . : . 1

band edge due to changes in volume of the unit cell.
=3/2

variation show-

1ng that as the temperature is lowered the mobility should increase as
32 |

(b) t_;gggal'Phonon SCattering |

| The vibratlon of adgacent atoms 1n a unit cell in antiphase produces
an optical-phonon. In compound semiconductors the fact that the adJacent.
atoms are oppositely charged allows an electrostatic-potentlal to be
'associatedlmitn'an optical phonon, The magnitude of this potential is
dependent upon the degree of ionicity of the bonding and_is therefore
quite 1mportant in the II - VI compounds. The effective charges on each
1on, and hence the electron-lattice interaction, can be related to the-
difference between the static and Optical dielectric-constants. In a -
| covalent material this is zero and there is little interaction.

The theory behind optical mode scatteriné is complex, especially
at low temperatures, because then the energy transferred at each inter—
action is not negligible in relation to the energy of the electron, and
basic rela;ation\time theories do not hold. However, Howarth and
Sondheimer (1953):have obtained an erpression for the mobility, FOPT”

- .limited by optical mode scattering
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where urie'the angular frequency'of the L.0O. phonon

.Zv;= the ratio of - Debye temperature to temperature of the
6D hw ,
_ crystal -'T, or T

u& = a factor, varying as a function of 2 from O- 6 to 1

" over the temperature range,involved.

3 = the polaron coupling constant which is given by
i : _
) P (m* 2 o1\ |
o o= —— e — o 2,22
F 2hw € €s ‘ : ( )

where € and €g are the optical and static dielectric conetante;

- At temperature54above the Debye temperature, 90 , that is for low

Z the exponential term in equation (2. 21) can be expanded to Z + Z—'+ %r

| and z2 and the fOIIOW1ng terms can be ignored. The mobllity Wlll then
vary as & function of 2 /2, that is T 1/2. At low temperatures, however,
'ethe»exponential term dominates and the mobility varies-as exp E' Since
the Debye temperature is approximately 365 K for zinc selenide, the varia~
‘ tion of mobility with temperature will depend on a combination of the

two terms but Will-be mainly exponential in the temperature range involved

in most studie'e..

(¢) Piezoelectric Scattering

Plezoelectricity is the name given to the electric polarization

produced by an applied mechanical stress. Thus an electrostatic poten-

' tial accOmpanies an acoustic phonon and this leads to piezoelectric

scattering. All the II - VI compounds are piezoelectric although those

with the cubic etructure are less so than those with the hexagonal phase.
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Harrison (1956) gives the mobility limited by plezcelectric scattering

as
22
J.o.o44 p CL h 652 o . .
Fpz. = ’ *1 R (2.23)
62 o2 (AkT>2 . .
where C .-= Piezoelectric’ electr:omechanical couplmg constant

-‘ ég :;T}static dielectric constant
Cb, = longitudinal acoustic wave- velocity
p ejwdensity of the semiconductor
..This eduation'results inal -1/2 'dependence of mobilityt Later work by

Zook (1964) is in agreement with Harrison's results.

() Tonized Impurity Scattering

Ionized‘impurity scattering results from the interaction of elec-
trons w1th ionized donor or acceptor centres or native defects, all of
whlchlproduce a_oentre of charge. The process can be compared to
Rutherford scattering of a-particles. The Brooks-Herring formula

- (H. Brooks 1955) is given below for a compensated gemiconductor.

L2 o - L
_ (kTXz €s° . 1. -
3 S T y 5~ (2.24)
’ : = - 6m__ (kT) “€g
.2 3 _*2 log =24
T e’ m NI : e 5 .9 o
, e“nh” o (2 -
| n + NA
where o= n+ 1~ N ( n + NA >
I : _
NI‘-=‘ density of ionized impurities = 2N, +n

'The earlier eqnation proposed by Conwell and Weiaskoof'(1950), which
4.did not take into account the screening of the charge centres by conduc-
tion electrons, was almost identical except for the logarlthmic term

which was replaced by o
log o 1+ 3€s KT

1
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ThisAeffect therefore becomes more important as the temperature is lowered

as shown by the T3/ temperature dependence.
Equation (2.24) holds only for singly charged centres. A factor

lé where A is the charge state of the centre, must be . introduced for multi
Z

ply charged centres such as native defects in the II - VI compounde.
As the temperature is lowered Nl becomee smaller as carriers freeze out
. ;and the TB/ dependence may not be observed.:

. : Scattering by electron hole collisions; although less 1mportant,

~ can be treated 1n.a similar manner to 1onized impurity scattering and-

 is found tc possess the same temperature dependence:

(e)  Neutral Impurity Scattering

As thefiemperature'of a semiconductor is 1owered, carriers freeze
out'into.their impurity levele. The amount of ionized impurity scatter-
ing decreases and is replaced by neutral impurity ecattering. The inter-
action of the electrcne with neutral impurity Centres‘is analogous to
| electrcn ecattering b& a hydrogen atom. Erginscy (1950) obtained the
.fcllowing equatien fcr the mobility limited by neutral impurity scatter-
e P -

Ky = 2onesh’ - ()

' mhere N = number of neutral impurity atone/unit volume

.Defects which are not hydrogen~like produce deeper levels and more loca-
: lised wave functione.. They therefore tend to have less effect than the

shallow levele. Scattering due to neutral impurities is independent

fof temperature and is most important at low temperaturee.

i(f)" Crystal'Imperfectione

Dexter,and;Seitz (1952) have ghown that dislocations cause the
lattice to distort and so alter the band structure. They found that the

scattering effect depended on the.density'of dislocations per unit area
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" N, and on teﬁperature according to

x -

(2.26)

1
Pxo:_NxT
' Grain boundaries‘are thought to become important in scattering only at-

very low temperatures except in extremely pooriquality material.

2.7 TER HALL.EF:'FECT
| - The temperature variation of the carrier concentration and mobi-
ility can be seen to provide a great deal of information about a semicon-
ductor.” The'usual way to study these variatione.is by measuringjthe'
.‘Hall coefficient. : | A - .

A rectangular block forms a suitable sample, vith two current conA
tacts (1, 2), two. voltage probes (3, 4) and two Hall voltage probes

(54 6) connected to the ‘edges as shown in figure 2. 6. A magnetic field

o B, is applied perpendicular to the large face. This_field causes carriers

T
to be deflected horizontally in the Y—direction until an electric field

'EY is eet-up..fThie field exactly balances the deflecting Lorenz force
and antequilibrium state is then reached.
If the forces on an electron are equated at equilibriﬁm,‘then
L mevemey (2-27)
‘ ﬁhere:v» is the electron'velocity '
Tﬁe current-deneity Jy is given by | '
| | J, = nev o (2.28)

X
where n ispthe density of free electrons

0 that B, = z X ~' (2.29)

1)
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.; The Hall coeffiéient R is defined as the ratio of the electric to the

magnetic field per unit durrent_dénsity, i.e.
R = — - (2.30)

.*. from (2.29)

o B, Jo
m T R 2 X
. BZ:JX>R“ “ ne
" i SRR (2.31)
Tt " ne . _ )

If e is taken as’ the magnltude of the electronic charge, the sign of
R determlnes whether electrons or holea are responsible for the conduc-
‘tivity.
From equatlons (2 29) and (2 31)
EY = Bz Jx R

S from figu:é 2.6

ﬁ - | S (2.32)

| V&, £he voltage ‘set up between probes 5 and 6 ie known as the Hall ‘vol-
V: tage. Since all four parameters in (2.32) can be measured R and hence
n can be_obtalned. o

'A>B& measuring fhe voltage betweeniprobes 3 and 4; Yy the conductivity
0 can be Qbfained.

Iy = OBy

o A (2.33)
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The cohducti#ity.is'also given by the expression 0 =nep

]
e

e f;am-<2;31), 0 _
(2.34)

"
=
o

et | H

Therefore by'ﬁeosﬁring the Hall coefficient of a conduoting medium it

'l!?is p0531b1e to ob%ain both the carrier ooncentratlon and its mobility.

fIn equation (2 34) the absolute magnitude of R is used so as to obtain
Vf a poaitive value’ for TR .
| - If more. than one type of carrier is 1nvolved in the conduction
| process, for_example_if the material_is intrinsic, equation (2.31) must

be modified to . .

SR | - |
r- n’(TTS) 1

R = ( N Pn)2 ' e o (2.35)
o Hp

Now the sign of”Rldepends on the ratio of the hole and electron mobili-
ties. If the ratio is unity, R is zero. Normally in the II - VI com-
vpounds one type of carrier is always dominant and this problem rarely

OCOU.I'B .

2.8 oCATTERING FACTOR

In equatlons (2. 27) and (2.28) the velocity involved is an aver-

: age ralue for all the electrons. However, since different processes

are involved in conductlon and in magnetic deflection, the average valuea
are not identioal. As @he velocity depends on the relexation time T,

" it is the averagiog oflT’ which is of interest. It is-found that T

varies-with energy thus

T 5 - L (2.36)
where'S =. a constant depending on the scattering processes invol-

ved.
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'I'her'efore the. reiexation time_must be _averaged over a range of energiles.
In a mete.l and a:' degenerate semic-onductor, only elecu'ons of a single
energy, the I?ermi energy, take pa.rt in the transport processes and there-
fore the two a.veraging processes give the same result, Equations (2 27)
end_ (2.28) are :{;hen correct. In a non-degenerate s'emiconductor_electrons

with various energies can take part and a factor r , known as the scat-

R ter:.ng fa.ctor, must be introduced. r is< He ratio of the relaxation

; times a.vera.ged over energ for the two processes.

23 . .
e g‘;‘>% o (2.37)

where . > is an average over energy . ‘ ,

is found to be related to S as follows _
- I‘( -23) r(i ' .
. A_a . 2.8
CHETY e

For more information concerning the scattering factor,_ see Smith (1961)

When the scattering factor is taken into account, equations (2.31) and

" 2.34) are modified to

R = — | - (2.39)
po= -:— - RO ' (2.40)

The mobility given by equation (2.34) is known as the Hall mobility py
and that given _By equation (2.40)' is the conductivity mobility pg, which

' 'is obtained fro’xn conductivity measurements

4-VH = RO | . - (2.41)




_TABLE 2.1

Neutral Impurities ’

' ' Y S r
| ‘Scattering Mechanism Y -3 r
. , ( peeT’ ) ( TaE ") (® = e)
Acoustic Phonons - % 5 }—g—
. T<6p exp © complex 1.8§m.1_)1$)f1 0
Optical Phonons 4 1 complex
, T>QD -3 complex 1.00 — 120
Ionized Impurities + % - % : %Tg'ﬂ
independent | independent 1
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Fc = %'30 . | .. i - (2.42)
H

ro= ;F% (2.43)

n = T{-_e ' : A (‘2.44)

Theiuaiue-of.S deperids ‘on the soattering process which is dominant.
lValues of'S and T for’the different'scattering mechanisms are given in
.tahie-2.1. toéether with the temperature dependence of the mobility.
.;it is clear that r‘is aiways near unity and quite often it is simply

.ignored.

2.9 » TRANSPORT PROPERTIES OF ZINC SELENIDE

The maaority of work carried out on the transport properties of
'zinc selenide has been that of Aven and his co-workers since about 1962,
3 Because as-grown zinc selenide has a high resistivity which is attribu-
ted to compensation effects, all’ measurements have been made on material
_ heated in molten zino. This reduces -the resistivity by removing compen—
sating 1mpurities such as copper (Aven and Woodbury 1962) and perhaps

| oompensating native defects.

Auen and Woodbury (1962) obtained a value of:550 cm?/v.sec. for

_ thevmobilitf.at'room temperature-of 1 ohm.cm. zinc seienide produced

by heating undoned material in zinc. iIn a later paner Aven and Segall

(1963) reported measurements on undoped material: heated at between 900 C

. and 1000 C for one or two days in liquid zinc or a zinc plus aluminium

melt, and chlorine doped material also heated in zinc. The aluminium
doped material_was found to be degenerate with a carrier concentration
'of about 1018 cm.3. Both the undoped and chlorine doped samples were
found to have carrier concentrations of approximately 6 x 1015 'j3 at

room temperature. However, the donor ionization energies of the undoped




'~z1nc and 1n crystals pretreated at 1050 C in zinc plus aluminium and

41~

and ohlorine.doped'crystals'were 0008 eV and 0-19 eV respectively.
Mobility measurements revealed a maximum of 700 cm./v.sec. at 100% in
the aluminium doped sample., The chlorine doped and undOped samples were
not measured'below about 200%K but with all samples optical mode scatter-
~ ing was shown to be the limiting factor at temperatures down to about
l200 K in'the‘aluminium doped sample ionized impurity Scattering appeared
.to be dominant at lower temperatures.' | |

Measurements have also been made on zinc selenide irradiated with
“high energy electrons and the resultant properties have been compared
with those of samples fired in zinc under various conditions, (Lorenz,
Aven: and Woodbury 1963, Woodbury and Aven 1964, Aven 1964). It appears
that two donor levels can be produced depending upon the temperature
:of ‘the firing. A shallow donor level 0.02 eV below the conduction band

was observed both in chlorine doped samples heated at 850 C in molten

,subsequently heated in zinc alone at 900 C to 950 C.A'However, when either
: the chlcrine dOped crystal was heated at 1050 in zine or the aluminium
t’treated sample was not subsequently heated in zinc, the influence of a

- level at between 0 1 eV and 016 eV below the conduction band became
apparent, and the carrier concentration and mobilitijere approximately
nalfactor of‘three'lower. Once again impurity banding became evident

in- aluminium d0ped crystals with a carrier concentration greater than
approximately 2 x 1016 cmfs. The deeper level was also observed in sam~
ples which had been irradiated W1th 1+5 MeV electrons. The samples could
.be alternated oetween the high and low resistivity states by successive
high ‘and low. temperature firings,_and the properties appeared to be com-
-'pletely reversible. Temporary illumination of the high resistivity cry-
stals at temperatures below approximately 100% caused both the carrier

concentration and the mobility to increase. The level at approximately

0-1 eV below the conduction band was considered to be a very deep
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'acceptor level produced by a doubly negatively charged native acceptor.
fA selenium vacancy, which can be taken to act as an acceptor if a cova-
lent bonding scheme is adopted, aeeociated in some way with a halogen

:'1on wae believed to be the centre involved.

Recent work (Aven 1971) has shown that after eucceeeive heatings

in molten zinc at temperaturee be tween 850 C and 650 C for a total of

fitwo weeke, the mobility can be 1ncreaeed to a~maximum value of 12,000 -

'4'cm /v.eec. at about 60°k. He concluded that the main reason for the

increase was the elimination of the double acceptor defects. Carrier

concentratione were of the order of 5 x 10 15 cm.3 and a value of O- 021 eV

.wae obtained for the donor 1onization energy.

Fukuda and Fukai (1967) studied zinc eelenide, heated at 900°C -
1000° C in liquid-zinc-for several daye and- obtained a maximum mobility

of 3000 cm?/v*sec. They explained the scattering ae a combination of

optical mode, neutral impurity and ionized donor-acceptor dipole scatter-

ingg They also suggeeted that the level they observed 0-011 ev below
the conduction band originated from a native defect. Smith (1969), how-

ever, carried out Hall Effect meaeurements on zine eelenide at tempera—

tures between 700 C and 1000°% under various zinc pressures and concluded

that the low reeistivity, approximately 1 ohm.cm., observed in material

"eubjected to z1nc treatment was due entirely to the presence of donor

impurities. he-suggeeted +that the zinc treatment eimply removed compen-
sating acceptore and that the true reeietiv1ty of pure zinc selenide

after zinc treatment was approximately 106 ohm.cm. In a completely dif-

'ferent arrangement, Sagar et al (1968@ measured the: piezoreeistance and

piezohall effect in zinc eelenide and obtained a donor ionization energy

. of 0-019 °¥

It therefore seems likely that two donor levels are involved in

connection with zinc selenide. One has an ionization energy of between

O 008 ev and 0. 023 eV, which is in the region of a hydrogenic donor level,
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. whereas the other lies deeper at between 0:1 eV ‘and 0 19 eV below the
‘conduction-band. The deeper level has been attributed to both chlorine
impurity and a native double acceptor level.  The lower energy level which
.appears after-low'temperature treatment in liquid zinc, has been aseribed
to native defects and also to unremoved donor’ 1mpurities.
.The situation concernlng the mobility of zinc selenide is much
" clearer. The‘room temperature mobility has~been reported to have values
ﬂrom about 300 cm./v.sec. to 500 cm./v.sec. by several workers (Aven
"and Woodbury 1962 Aven and Segall 1963, Woodbury and Aven 1964, Tsujimoto
‘et al 1966 -Wukuda et al 1967, Ludwig and Aven 1967,-Aven 1971, Heaton
et al 1972) The results of Heaton et al are the only ones to have been
.' obtained on material not treated in molten zinc and w1th a carrier density
‘ag low as 1012cm.3. The predominant mobillty llmiting process at high
. temperatures apnears to be scattering by optical phonons whereas below
..approximately 80° K, ionized 1mpurity scattering and perhaps neutral

impurity- or dipole scattering begin to become dominant. Aven (1971)

.x:'has obtained a mobility of 12,000 cm./v.sec. which appears to be the

o highest yet achieved.

As regards p-type zinc selenide, the few results which have been
- reported have been mainly concerned with copper doped materlal. Mobi-
lities of 10 ent /v.sec..at 200°C (Aven 1962) and 28 cm./v.sec. at room
- temperature (Haanstra and Dieleman 1965) have been quoted together with
, 1onization.energ1es of approximately 09 eV and O 7 eV respectively.
Phosphorus doped material wag found to be p-type with a mobility of the
order of 24 cm./v.sec. and a hole density of 4 x 109 cm.3 at 500°K,
(Reinberg et al 1971). The_corresponding acceptor energy was approxi-
mately 6é7 th iPark et al (1971) studied p-type lithium doped zinc se-
lenide‘and.again obtained similar values to those of the copper doped |
material. At room temperature the crystals had a mob111ty of 23 cm./v.sec.

and a carrier concentratlon of 2.7 x 109 cm.3. Measurements were made
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oven the'rangedéoboK_; 340°K and an.acceptor ionizafion energy of 0+75 eV
was obtained. - o | |

It thus appears that the three acceptor type d0pants described
vabove behave in a similar manner as regards  the height of the acceptor
levelxabove the valence band and the mobility, but the resistivities are
f:much too high for most applications, for example in p—n Junctions, mainly

' i:because of the large ionization energies involved.
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'CHAPTER

. CRYSTAL GROWTH AND TREATMENT

3.1 CRYSTAL smuc'mmn

l;The bonding of the semiconducting elements in group IV of the perio-
dic table such as germanium and silicon is found to be completely covalent.
-However compounds formed from elements in groups I and VII such as potas-
7usium chloride possess almost complete jonic- bonding. The shift towards
ionic bonding is gradual and in general the ionicity increases ag the
i'valency difference between the component elements increases. The compounds

formed from elements of groups II and VI can therefore be expected to

o be=partia11y ionic and partially covalent in nature.. Zinc selenide can

be considered as either Zn Se N in'which case each ion-possesses a'com-
_"pletely filled sub-shell ‘and the bond is ionic, or Zn" Se in which both
bions possess four valence electrons and “the bonding is covalent. The
degree of ionicity increases with ‘the electronegativity difference between
_ the two elements. The electronegativity difference of 0:9 for zinc sele-
nide can be compared with 2 2 for potassium chloride, O- 5 for gallium
'areenide and-zero for the group IV elements. Although the bonding in

the II-VI compounds is mainly covalent, the ionic influence can be seen

in the large bandgaps, low mobilities and high melting points relative

‘,»to the III-V compounds and group IV elements. The covalent nature is

seen in the tetrahedral bonding which is a result of the highly directional
SP3 orbitals formed by the shared electrons as in the group IV elements.
The tetrahedral orbital arrangement produces two main crystal strue-

tures in the IlIQV and II-VI groupeiof compounds. These~are the hexagonal
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"'or wurtzite structure and the cubic or zincblende structure. Zinc se- .
t, lenide normally exiate in the cubic form. The zinoblende structure is
very eimilarpto that of dinmond,which has two interpenetrating face cen-
treo cubic lettices.‘ In zinc eelenide different ions occupy the pointe
".of_the two sub;lattices. Zlnc selenide has a lattioe parameter, that |

- is a cube edge, .of 5-67 R and a-neareat~neighbour dietance of 2-45 §.

3. CRYSTAL. GR.OWTH
| | There are three important me thods of grow1ng cryetale of the II-VI
compounde, namely growth from the melt, growth from the vapour and growth
.oy chemical traneport. Growth of'zinc eelenide from the meltlle diffi-
oultpas its melting point of 1500°C prevents the use of silica. Horeover
‘the vapour presenre over zinc selenide at this temperature'is 1.8 atmos-
' pheree and this:elso introdnces problene. Despite tneee difficulties
crystale have been grown satiefactorlly from the melt (Fiecher 1959,
.Teujimoto et al 1966) .
Vapour phase transport and chemical transport are much more prac-
ticable methode and both have ‘been employed to produce the crystals which
were used;during the work reported in this theeis. These techniques

will now be deecribed.

’ (2) Prellminery‘treatment
| Zlnc eelenlde powder from one of three sources_wae‘used as starting
”'material.‘ B.D.H. Optran zinc Eelenide was used to-prodnce the majority
of crystals although several early crystals were grorn from Derby Lumi-
<nescents material. Latterly some crystals were grown from powder pre-
pared in thie laboratory by the’ ‘direct combination of Metals Research
5N zinc and Selenium fn. the form of vapour at 1150 C.

‘Each of;theee zinc selenide starting materials was first purified

in a flow run>prooess. The powder was heated in a silica tube in a stream




N Fig 3-1. Vapour Phuse Transport -Crystal G'fgwth System.
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,of high purity argon at 600 C for twelve hours to remove: all volatile
impurities. The temperature was ther raised to 1160 C for about a week.

This caused the powder to sublime along the tube to a cooler region and
| left any non-volatile impurities behind., The zinc selenide crystallized

“out in the form of small platelets about 4 mm. square which were used

- _as the basis for the following crystal growth procedures.

vv(b)T‘ Vapgur Phase Growth

' | _ The crystals were grown by the method deve10ped by Burr and
.:Woods (1971) from the original method of Clark and wOode (1968). A ty-
pical growth system is illustrated in figure 3 1. About_20 grams of

" flow run platelets were used as the charge and about'ooé:grams of either
zinc or selenium{were held in the tail. The tube wae;evacuated to 1070 torr
andhmounted vertically with the charge'at 115Q°C'andvthe tail at 550°C'

' when using'zinc-or.360°C'when using selenium. The tail‘charge was neces-
sary‘to controllthe pressure of one of'the components and maintain a

| near—stoichiometric composition of the vapdur in the growth region of
7.the capsule. The tube wis raised at about 3 cm. per day for about a week
‘ and 1 cm., diameter crystals between 3 and 4 cm. long were produced.
Indium, gallium and aluminium dopants were added directly to the charge,
"cOpper was introduced either as the metal or the eelenide and chlorine
was introduced”in the form of zinc chloride. Manganese was introduced
as. the: metal the. selenide or the chloride in the charge or as the chlo-
"ride in the tail '

Several samples were produced using a horizontal vapour transport

method. With thls arrangement a 6 mm., sealed tube wag held in a 1100% -

fzoo c temperature gradient. No tail was used and transport was diffi-

' cult to control, which led to poor crystal quality. Dopants were added

directly_to_the oharge.

v(c) Chemical transport

With the chemical transport method iodine was used as the transporting
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an agenttl The technique was based on the method describedfby Nitsche (1960).
Some 4 grams.oficharge material with 4 milligrams of iodine were placed |
.-at the hotter end'of a silica tube which was held in a temperature gra-

' dient of 830 C - 800 % for seven days. Crystals approrimately 5 mm.

in diameter and 1 .em. long grew at the cooler end. :Manganese_was added

. jmto the cha.rge as’ the metal. .

Although the boules produced by vapour transport were of good qua-
1hlity and were: transparent, they were found to be composed of a number
"of crystallites; ‘A slice from a particularly poor sample is shown in
.figure-s 2‘ A number of tw1ns as shown in figure 3. 3 were also present.
The crystals grown by iodine transport appeared to. beof much higher
quality.' This is probably because the crystals produced by chemical
transport'were grown below the unstable phase transitionitemperature
_Aegr 1050°C-where*faulted and mixed cubic-hexagonal-crystals tend to

.form.' Thus the crystals studied in this thesis were predominantly cubic

' although those grown by vapour transport probably contained a2 small amount

of hexagonal component.

3.3 SAMPLE PREPARATION

Experimental samples were cut from most crystals with a diamond -
saw, Delicate crystals or intricate cuts, however, usually necessitated
the use of a reCiprocating wire-saw (Rushby and Hoods 1970)

After samples had been cut or ground using carborundum powder,
reflection’ electron microscOpy showed that the surface was considerably
a damaged. Surface damage introduces surface states which produce a large

’numberfof discrete levels within the forbidden gap. These levels pre-
vent the production of ohmic electrical contacts and also act as non-
radiative recombination centres, thus reducing the photolumlnescent effi-
ciency, In order to remove this damage an etch must;be used.

' The,etchlrecommended by Sagar et al (196Sa)was used most frequently.
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"The procedure was to immerse the crystal in an 0. 4% solution of bromine

"_ in methanol for one to two minutes. The crystal was quickly washed in

ethanol and then immersed in carbon disulphide for about five minutes
f,to remove the compound of bromine and ‘selenium which tended to form as.
‘a red deposit on the eurface.- If the red deposit persisted it was ground

: away and the crystal was re-etched. Finally the sample was washed in
»chloroform to aid drying and prevent dry,ing stains. 'l‘he etchant was
found to produce a slightly matt surface as a large number of pits were

f formed (Gezci and Woods 1972) The surface was examined by reflection
electron microscopy and found to be completely free from surface damage

. A second method of etching used the etchant first described by

'Hemmat and Weinstein (1967). 'A concentrated solution of chromic oxide

,'_ in orthophosphoric acid was prepared. An approximately equal volume

:of concentrated hydrochloric acid was then added and the sample was im-
f_mediately immersed in the solution which remained ‘active for about ten
minutes. After five minutes of continuous agitation the crystal was
bfremoved, washed first in distilled water and then in iso-prOpyl alcoholi
to prevent drying stains - This etch produced a highly polished surface
ip"rendering the sample transparent. Although the etch did not remove sur-
face damage as well as bromine in methanol, the electrical and optical

' results obtained were identical irrespective of the etch used.

-

s3.4 IhTRODUCTION AND EXTRACTION oF IMPURITIES '

_Aven and Woodbury (1962) showed that trace impurities of copper
and silver could ‘be removed from zinc selenide by heating the crystals
in molten zinc. The impurities were more soluble in the zinc than in
i,the crystal and hence segregated out into the zino.' Later Markovskii
et al (1969) used the method in. reverse to introduce c0pper into zinc
selenide crystals. It was therefore decided that this procedure should

be used to purify samples or -to introduce a range of. dopants. A method
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,was therefore devised by which crystals could be heated in a solvent
of liquid zinc, zinc alloys or selenium in order to either purify or
»dope samples.

i The treatment was carried out in a silica tube as illustrated in
figure 3. 4 ' Before use all silica wags washed in acetone, concentrated

nitric acid and then chromic acid. Finally it was washed in acetone

- and baked for a day at 100 C._'A slice from a capiliary'tube was used

"to prevent the crystal floating on the melt and also to facilitate the
: separation of the crystal from the melt after treatment. The tube was
- evacuated and fluehed with .argon several times and finally sealed at a
pressure of 10”7 5 torr. The seal to the silica rod nearest the crystal,
__-vas made only after the tube had been- evacuated to prevent oxidation

. of the sample.- Either Koch Light or Metals Research 5N zinc or Metals
Research'SN selenium was used. Five grams of molten zinc were used to
.,treat about 0 1 grams of zinc selenide. Any metallic'dOpant such as

indium, copper or aluminium was simply added to the zinc charge., The

~v..tube was suspended vertically and kept at 850 C in the cage of zinc and

its’ alloys, and 650 ‘C when selenium was used. At the end of a week the
:'ntube was inverted to separate the crystal from the melt and was cooled
‘to room temperature within-about a minute. Prior to this treatment the
| crystals were either etched or cleaved to remove surface damage.and the
zinc was found not to stick to the surface on inversion.A Samples for
electrical measurements were subsequently etched before the contacts
were applied whereas the luminescent properties were studied without
‘vetching. H
Jhen it was necessary to heat a sample alone, exactly the same
-’.procedure was followed, apart from the solvent, as regards time, tempera-

ture and evacuation of the tube.




EXPERIMENTAL PROCEDIRE - -

g tﬁumumscsmcs»MEASUREMENTS f

(2)  Amparetue
| _An Optica 4 NI grating spectrometer was used in conaunction with
'an Oxford Cryogenics cryostat when measurements ‘were made using liquid
helium; The automatic recording spectrometer was equipped with an E M I.

‘photomultiplier type 9781 R w1th an extended S 5 photocathode. ' The cryo-

4“stat had a helium capacity of about 1:5 litres and the sample block was

directly cooled.; The crystal wag held in contact with the sample block
by means of indium solder and maintained at a pressure of less than

10 3 torr. | |

_ The maJority of the measurements, however, were made using a Barr
| and Stroud double ‘monochroma tor type VL.2 fitted w1th Spectrosil A qua-
lity prisms. This was used either to analyse the light emitted from the
crystal 80 as to obtain the emission spectrum, or as a source of mono-
chromatic light to enable excitation spectra to be measured. The experi-
mental arrangements are shown diagrammatically in fizures 4.1 and 4.2,
’TAt all times the. detector was an E.M.TI. photomultiplier type 9558 with
a trialkali S 20 photocathode. The photomultiplier was run at voltages
up to 1000V obtained from a Brandenburg photomultiplier power supply
model 472 R.. The output from the collector was earthed via a 10 K. ohm
load resistor and the voltage acrodss the resistor was "taken both to a
Philips-yalve voltmeter type P.H. 2440 and the input of a Brookdeal
lock~in amplifier type 401. The reference voltage»for'the amplifier

was obtained by alloW1ng the multibladed chOpper across the entrance
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814t of_the monochromator to interrupt a light falling‘on a photodiode

B fed from the'internal 9 volt supply of the amplifier. The output from

V;the amplifier was taken to a Honeywell 12 inch chart recorder. The lock-
y in amplifier was used to obtain all the results. The Philips meter was
;4used_to ensure that no strong light was reaching the'photomultiplier
»-and'for preliminary-mirror alignment. Either a 40 or a 2 bladed chopper

-was driven from a synchronous motor via a flexible drive. The resulting

. chopping frequencies were either 200 or 10 cps.

The cryostat used for the measurements down to liquid nitrogen tem-
peratures was an open sided copper enclosure with a silica window at one
“end and a vacuum inlet at the other. Plates holding various filters .
'vwere used to provide a vacuum tight seal at the side, The sample block
.was also made of c0pper and could be rotated about a vertical axis to
face any direction.‘ It was directly cooled by liquid nitrogen contained
in a nickel-silver cylinder above it.' A copper—constantan thermocouple
,was held in contact with the block and showed that the temperature rea-
ched 85 % with liquid nitrogen present. Heating was carried out using
an external 25 watt heater introduced into the nickel-silver cylinder.

: Temperatures up to 400 K could be obtained._ During operation the pres-

sure in this cryostat was reduced to 10 1torr by means of a rotary pump.

(v) Sample preparation

Both cleaved and etched samples were used. Both techniques were
'found to give identical results. It was necessary for any surface damage
to be removed by etching prior to measurements otherwise the luminescence
‘was considerably ‘reduced, probably as a result of the presence of non-
radiative recombination centres at the surface. Crystal dimensions were
Vof the order of 4 x 2 x 1 mm. Samples were held in contact with the
~ block by silicone vacuum grease which proved satisfactory at all tempera-

tures encountered, The grease. did not itself produce any emission. )
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- (c) Emissio pectra

Figure 4. 1 shows the experimental arrangement used for measuring
the emission spectra of the crystals. Light from a 250 watt compact
l“source mercury lamp was focussed onto the sample and a Chance ox 1 fil-
ter was used to isolate the 3650 £ mercury line. A 1 cm. path length
~of 109 cOpper sulphate solution plus a Chance HA.3 heat abgsorbing filter
:‘were used to remove any infra-red radiation which might have produced
quenching or stimulation effects. The emission from the crystal was
scanned at about 400 ' per minute in the direction of shorter wavelength.
‘lThe slits were normally set to admit a bandwidth of about 50 £. Several
spectra were. obtained using lower energy excitation. -In these cases
a suitable interference filter was substituted for the ox 1 filter and
: the mercury lamp was replaced by a 250 watt 24 volt quartz-halogen pro-
Jector lamp 80 as tc produce a continuous spectrum The chOpping fre-

'quency was always left at 200 cps.

() Excitation Spgctra

- To obtain the excitation spectra the apparatus was rearranged as
‘shown-in figure 4 2. The quartz-halogen lamp was-used in conjunction
with the monochromator to produce a monochromatic beam: of light which
was directed onto the crystal. ‘In order to isolate the luminescent emis-
sion from the excitation a combination of filtere was used. This con-
gisted of a Chance glass filter and a circular Barr- and Stroud interfer-
" ence filter arranged to have a bandwidth of about 350 £ at 6000 £ and

x 270 R at 5300 X When observing orange and red emissions an OR.1 Chance

filter was used and when the green emission was of interest an 0Y.2 fil-
ter was used.' Once the emission band had been excited the interference
filter was adjusted to provide a maximum signal. |

The chopping frequency was found to have an effect on the resul-

ting excitation spectrum and hence occasionally both4frequencies were
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used. . The»variations and reagons for them will be described later.
In order~to'provide sufficient'intensity to ercite the sample, the
: slits of the monochromator had to be opened resulting 1in a bandwidth

of 200 2. Again the spectrum was scanned at ‘about 400 b€ per minute to-

s wardsgshorter wavelength.

j.(é) _:pression of Results " | o

_ The shape of an emission curve depends upon the units used to des-
cribe the intensity of the emitted light._ Almost invariably the inten-
‘.;sity is expressed in relative terms 8ince it is extremely difficult and
usually unnecessary to know the absolute value. InAmost experimental
'data the intensity is expressed as the relative emitted energy per unit .
uavelength interval Iy; It can also he expressed in terms of energy
':'_per uni frequency interval Iu, or number of photons per unit energy
. of emitted photons Ihv‘: These last two ‘forms are more of theoretical
interest andicaniin fact be related to Iy.

The units used to: describe the emission intensity decide the form

_.in which the absciesa is represented. If Ihvis chosen, ‘the abscissa
will be expressed in terms  of energy, usually electron volts. As stated
.however, IA is the most common form in which the 1ntensity is expressed
and therefore the abscissa is usually in the form of wavelength either
4Angstrom units or. microns.
' . Results in this thesis are expressed in terms of IA plotted against

wavelength in the’ form of Angstrom units. How I) was obtained from the

original data w111 be explained in section (f).
"In all the results quoted in this thesis, the half-W1dth of a par-

ticular band is" taken to be the full width of the band at half height.

(£f) Correction Factors

The experimental results must be corrected for various factors which

. may be unique to a particular series of experiments. For example, with
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the emission spectra two variables existed. They were the spectral sen-
‘sitivity of the photOmultiplier and tne dispersion produced by the _spec~
'trometer. The former was obtained by comparing the emission from a con-
,‘ tinuous source seen by ‘the photomultiplier with that seen by a vacuum

thermopile. Since the latter meagures the emission directly in terms

”liof energy, the true response of .the photomultiplier could be obtained

| "pThe diBPGrsion of the spectrometer is a function of the prism ‘material

| " and values were supplied by the manufacturer.‘ These values gave the
;variation in bandwidth with wavelength and thus enabled the signal to
; be corrected for unit wavelength interval. It wasg therefore ‘possible
to obtain a correction factor to- enable I) to be found..
lv With‘ercitation spectra the variable'factors were the dispersion
of thevprism material and the spectral distribution of'the exeiting light.
These Were-measured together by the photomultiplier-to obtain I). The
"resultlng excitation spectra were therefore expressed in terms of emis-

;sion 1ntensity for equal excitation energy per unit. wavelength interval.

4.2 HALL m'm- MEASUREMENTS ‘-

() ppmrats

| A brass Cryostat built in this department was usedito house the

sample,during allemeasurements nhich did not involve liquid helium.

- For the liquid helium measurements a stainless steel; Oxford Cryogenics

cryostat wasjused. However since it was only used occasionally and was

based on a similar design to the brass cryostat it will.not be described

here. The nitrogen cryostat is illustrated in figure 4 3, Liquid ni-

trogen was held in a container of about 1 litre capacity, connected to

the sample_block by a'60 cm. nickel-silver tube which formed an exchange
space. This’space could be evaouated or filled with'helium gas when

f,necessary.- hfSilica window waejprovided opposite the-sample and if re-

" quired the-sample could be illuminated via a mirror mounted -at 45° to




Liquid Nitrogen,  Helium Gas

. Diffusion
7 Pump

‘Liquid Nitrogen
Container

—Exchange Space

Mirror ‘ o | Heater

Magnet
Pole Piace

\ 'Mdlgnet -

Pole Plece

Silica ‘ Sdmple Copper
Window - - ' Block

Fagl.-3 Cbl“'yq_stut used for Hall Effect Measurements.




| -5%-

it on one of the magnet pole pieces. The illumination consisted of a
48 watt tungsten lamp focussed onto the sample through a copper sulphate
filter.::The.window was kept covered during measurementslunless other-
wise stated; A5 watt heater was wound'directly'onto the copper sample
block as shoun, and temperatures of up to 400 K could be readily obtained.
”Two copper-constantan thermocouples were used to monitor the temperature.
One was mounted directly on the block, the other was connected to the
'sample holder. The reference junction for the.thermocouples was held
at’77°K>in:avdewar of liquid nitrogen.: The sample holder was held onto
the bloch-by'a mechanical clamp; . Nonag stopcock{grease was found to
providefthe best thermal contact between the block and the sample even
_at the lowest temperatures encountered. All electrical connections were
d made via a 12-way glass . to metal geal at the top of the cryostat. The
pressure in the cryostat was maintained below 10 5 ‘torr by an Edwards
1 inch ofl diffusion pump. | ‘ |
R When measurements were made in the range 400 K to about 120 K,
the interchargs space was filled with helium gas at an excess pressure
of about'1 atmosphere. Below 120% liquid nitrogen was gradually added
'-to the interchange space., If the space was filled with liquid nitrogen
_and pumped on with a rotary pump, & temperature of 65 K could be attained.
The magnet used was built in the department and possessed 5 cm,
-_diameter tapering polepieces. It was air cooled and produced a field
“of 2 kilogauss across a 55 cm. gap. _A- |
The five probe method was used for: making measurements (figure 4.4).
'This was. employed as several samples were too small for the more common
B six probe method to be used successfully. The_electrical supply to the
sample was v1rtually a constant current source derived from a 60 volt
battery. A Philips voltmeter type G M.6020 was used to measure the ve-
‘rious. potential differences. In making the Hall measurements the stanj

vding voltage be tween the probes was backed-off using a Pye portable po-
'tentiometer,ln series with the-voltmeter. Ir backinguoff voltages greater
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than 1.5 volts were needed a 9 volt grid bias battery was added. The

.'current normallyfused was 5 milliamps and Hall voltagesjranging from

.4.‘30 millivolts to O 01 millivolts were encountered. ‘Similarly the voltage

'across the conductivity probes varied ‘from about 15 volts to 10 millivolts.

(b)) ‘Sample:Preparation

' The sample dimensions were of the order of 8 x 2 x 1 mm. The rec-
btangular bar cut from the boule was first ground with 600 grade carbo—
‘ 'rundum"powder to.obtain flat and parallel sides. It was  then etched

4‘as'described in'éhapter<3 to remove surface'damage. 'Contact material

. was either indium or liquid 1ndium-gallium alloy. Both components'wene

"supplied by Johnson Matthey as spectrographically standardized and con-
’tained less than 5 p pP.m. metallic impurity. The indium was pressed on to
:the crystal surface at the required points whereas the alloy had to be
‘;brushed,on:with'a'fine wire. The crystals were subsequently heated to
-aboutl250°c fdrl3'to 4 minutes in an atmosphere of oxygen-free nitrogen.
' This process diffused sufficient metal into the crystal to form both
: an ohmic and mechanically strong contact.

-~ The sample was then fixed to a glass microscope cover Sllp as shown
in figure 4, 5, using Durofix cement. The sample was not shorted out
.as the resistivity of the cement was several orders of magnitude greater
than that of the sample. However good thermal contact wasg made to the
':cover slip._: . 4
| .1 Electrical contact to the crystal was made by fine copper wires
"soldered to the .cover slip with indium. The wires were fixed to the
‘contacts simply by 1nsertion when using the alloy. When indium contacts
were used the w1re was: connected with Johnson Matthey air drying gsilver
' paste type FSP.51. A further indium dot was soldered on to the cover

'slip to take a thermocouple during measurements.

The current contacts onto- the crystal were made as large as possible
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'.'_both for strenbth and uniformity of current flow. Tnetremaining.probes
“were. made as small as possible 8o as not to short out the crystal A
minimum diameter of about 1 mm.lwas necessary, however, to produce a'strong
;bond; Both 1nd1um and 1ndium-ga111um were found to: produce ohmic contacts
.on. low resistivity material, Crystals w1th resistivities higher than
: about 104 ohm.cm.. began to show slightly non—ohmic current-voltage plots
3  and it seemed impossible to make ohmic contact to undoped material with
| ta re31stivity of. about 1012 ohm.cm. However since almost all the mea-
: surements were made on 1ow resistance samples the contacts could be con-
dsidered ohmic over the whole temperature range studied. Indium was used
: to contact_the magority-of‘samples since it produced a-much stronger

mechanical bondithan the alloy.

(c)‘ Expression of Results -

Equations 2 32 and 2 33 were used to calculate the Hall coefficient
'andiconductivityt‘ The material-was assumed to be compensated with only
.one‘type;ofroarrier'present and hence equations 2.31_and‘2.34 were used
to‘obtain:valuesffor the carrier concentration, n, andﬂthe mobility p.
The scattering‘iactor4was assumed-to be equal to unit&3un1ess other-
wise stated.ﬁ'The results were-piotted in the usualiform? that is
log ﬁ‘v. 1_andmiog K Ve log T,:so as to identify the'donor ionization
~energy_an§‘tnezscattering processes from the slopes of the resulting

curves.




- CHAPTER 5

A PHoTommm:sceucn RESULTS - NON-LOCALISED CENTRES

5.1 IMRODUCTION
‘ The results of . the luminescence studies have been divided into two

:parts.v The present chapter deals with impurities which are known to pro-
duce non-localised luminescence centres, for example copper, aluminium
and indium while‘the following chapter is concerned solely with the lumin-
" escent properties'of the activator'manganese. Details of the growth con-
ditions of all crystals described in this chapter are -given in table 5.1.
In the figures 111ustrating the emission and excitation spectra of the
various crystais,_the intensities are in arbitrary units and the spectra

 obtained at 85°K.and room-temperature are not shownfto,scale.

5.2 COPPER ACTIVATION

Copper impurity is considered first since -its presence will be shown
to have quite important effects upon the luminescence _properties of many
» of the crystals examlned during the course of this work.‘

Copper was introduced into two boules during growth. Crystals 158
and 169 were. grown with 1000 p.p. m. copper selenide and 1% copper metal
- in the respective charges. Crystal 169 was dark greenuin body colour
“and appeared to_contain a large quantity of precipitate, which was pro-
bably copper.._- Under 3650 £ excitation at 85K this crystal emitted a

single green band at 5300 £ with a half width of 0.21 eV (figure 5.1).
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iThere,waa_no meaeurable emission'at room'temperature; :Crystal 158-was
transparent with.a yellow body colour and was found toiemit in two bands
at 85 K (figure 5 1) ‘A green band was observed at 5450 2 with a half
width of 0-20 eV together W1th a red band with the same half w1dth at
6340 X At room temperature a single red band at 6400 'R with & balf width
_of O 28 eV was observed. -

Measurement of the excitation spectrumwof the green emission of
169 was only possible at wavelengths shorter than 4750 X due to the over-
.1ap_1n.wave1ength_of the excitation and the emission being monitored. |
5 jThe only band detected-was at. approximately 4440 £ and probablp corres-
'ponded therefore to direct band»to band excitation. Theibandgap of zine
‘selenide ‘at 85 K is approximately 2.8 eV which corresponds to excitation
radiation of wavelength ‘4430 k. At room temperature the band gap decreases
- to about‘2-65 ev with a corresponding excitation wavelength of 4680 1.

.More information was obtained from cr&stal 158 however. When the

red band was monitored at BSOK the excitation spectrum revealed a broad
band at about 5100 2 toge ther with a peak at approximately 4500 5. When
the measurement was carried out at the higher temperature of 130 K, the
._low energy excitation band increased by a factor of about five. This
suggests that the low energy band is associated solely with the red emission
and decreases when the green band begins to dominate. ?he green emission
was excited by'liéht‘within a broad band uhich appeared:to be composed
of eub-bandsiat'4600>2 and 4750 X. |

In order”toietudy the effecte of copper doping further, several
sanples from-thetundoped boule 171 were heated for a week at 850°C in
molten zinc containing various concentrations of copper.: The excitation
spectra of these crystals measured at 85 °% can be seen in figure 5.2,
.The long wavelength band at 5100 £ mentioned prev1ously became quite pro-
minent. It appeared to be built up from two sub-bands in the region of

5100 x_and 47CO R.A The emission spectra of these three crystals measured
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at 85 K under 5050 2 excitation are shown in figure 5 o3 The orange band
appeared to shift to ‘lower energy and. became narrower as the copper con-
Centration increased, with the cryetal heated in zinc plus 10% mole copper
the'emission peak lay at 6400 % and had a half width,of 0:22 eV. The
corresponding half widths of the 4% mole and O« 4% mole crystals were O- <25 eV
dA0'28 eV. Ev1dence will ve presented to show that the increase in width ‘

and the displacement of the emission to higher energy with decreasing
' cOpper content are due to the appearance of a second orange band superim-
posed on the copper emission. This second band w1ll be shown to be the
_ selfLactivated emlssion of zinc selenide. The high energy ex01tation
band observed near the bandgap in the samples heated in zinc plus O- 4%
and 4ﬁ cOpper is. probably agsociated with this self activated emission.

The high energy copper em1531on observed in crystal 158 was also
detected in the sample heated in zinc plus 10 at.w copper and also to a
' lesser extent in the 4% copper sample. The maximum was again found to
lie at about 5400 X

In an attempt to regolve -the low energy emission band, light of
. wavelength within the 1ow energy e101tat10n band was used to exc1te the
crystals. Light passed by a 5300  interference filter was found to iso-
late andlexcite'the emission most effectively. At 85 K all crystals
mentioned soffar,fexcept l69, were found.to emit a narrow red band at
6400:8 with a half vidth of 0:20 eV when excited by thisffiltered light.
On heating té'ieon temperatnre this band shifted toflonger wavelength .
to about 646§ giand increased in width to about 0028:eve- This is con-
' sidered to be.the'resolved low energy emission band~associated with copper
-and is 111ustrated later (figure 5¢9). L |

Further details of copper activation will be discussed after the
effects observed;in some undoped and chlorine doped samples have been

" considered. . _
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5. 3 SELF- A”TIVATION "

In orde: to study the effects of heating zine selenide in liquid |
zinc only, samples from the same boule as that used for the copper diffu-
sion studies were:heated in liquid zinc for the same time and at the same
temperature, that is one week at 850 c. .The reSulting crystals, which
had become _green in body colour, were luminescent in: the red region egain'
'but now the emisSion consisted of ‘a broad band centred ‘at 6150 X at 85 k.
h On heating to room temperature the band increased in Width from about
O 28 eV to 0- 4 eV’ and shifted to about 6050 £ (figure 5 4 ). This shift
towards higher energy with increasing temperature is in the Opposite direc-
tion_to that observed with the low energy copper band and ig. in the same
directionlas.the.shift=of the self-activated blue emission in zine sulphide.
It is reasonable to assume therefore that the red band with a maximum at
.6150 % at 85% is the self—activated (S.A.) emission of zinc selenide.

The - excitation spectrum of - this crystal consists of a band at 4670 3

| at’ 293 % which shifts to 4460 % when the crystal is cooled to 85 g
(figure 5. 5).. The position and shift of ‘the wavelength of this band
with temperature suggest that it is probably associated With a band to
band transition.‘ |

It is clear that heating in Zinc was not responsible for the long
wavelength exCitation band at )100 X obgerved in the samples heated in
- zinc plus COpper.~ in fact when 'a piece of ‘the. COpper d0ped boule 158
uas. heated in liquid zinc, the subsequent emissgion and excitation spectra
were identical to thoge of the undoped, zinc treated crystal. This agrees
with the results of Aven and Woodbury (1962) who extracted copper from
zinc selenide using molten zinc. When light with a wavelengtn of 5300 )
was used to excite the zinc treated crystals, no emis51on was obtained.

The high energy excitation bands near the bandgap energy in the crystals
heated in zinc plus 0-4% COpper and zinc plus 4W'cOpper are clearly attri-

butable to the presence of S.A. emission which also increased the width

_-of the emission band.
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The temperature dependence of the position and vidth of the S A.
‘band was studied using the undoped crystals 7 and 171 ‘after they had been
'heated in zinc. The variation in the position of the emission maximum
is shown in figure 5.10 together with the results of. other crystals which
"will be dealt with later. The variation of the emission band vidth with
.'temperature is shown in figure 5.11 with some results from other crystals.
The band width changes fairly linearly with temperature by about - |
vi6 X 10 , eV/OK. However, the position of the emission peak is almost i
| independent of temperature until the temperature falls ‘below about 170 K . |
i vhereupon the. band shifts to longer wavelengths. _55 - R

To summarize the main results so far, it appears that copper activa-
tion produces a red emission band at 6400 R at 85% with a corresponding
pexcitation bamd at about 5100 R A green emission band associated wvith
copper ie sometimes observed at 85°K either at 5300 R or 5450 g. . Hhen
crystals which emit the 6400 R copper band are heated in liquid zinc,
A:this emission is removed and replaced by a broad band at 6150 R at 85 K
| vhioh has an . excitation peak at approximately bandgap energy. This 6150 R
“emission was found to shift to higher energy on warming and is assumed

to. be the S A. emission of zinc selenide.

St CHLORINE COACTIVATION

A‘ Chlorine uas introduced into several boules during grovth by adding
'zinc ohloride to the reservoir attached to the growth capsule. Two crys-

- tals were studied, 122 and 123. ‘Both had an orange body colour and under
3650 R excitation emitted broad bright orange bands. (figure 5,6)e The

- bands were . identical at room temperature with a maximum at 6#60 R and a half
width of 0.295 eV but ‘at 85°K the poesitions of the maxima differed by about
100 %, Crystal 123 emitted a band at 6160 & with a “balt width of 0,30 eV
'fvhereas 122 emitted & narrower band (0.26 eV) at the longer wavelength of
6250 2. The excitation spectra of the two crystals vere very different
(figures 557, 5.8). The excitation epectrum of crystal 122 at 85°K con-

g sisted of a main ‘band at 5150 R with a shoulder at approximately 4700 R.
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~ The main ieature of‘the excitatiOn spectrum of crystal.i?B, however, was
a peak at 4400.8 corresponding to bandgap excitation. jThere wag a sub-
sidiary band a.t 51 50 2 together with a band at approximately 4800 & which
_was only revealed vhen the excitation was chopped at 10 c.p.s. This pro-
bably infers that that particular excitation process is associated with

a recombination process with a long response time. It was not possible

‘4.'to measure the excitation spectrum of crystal 123 at room‘temperature.

The exc1tation spectra of crystals 122 and 123 can be explained if
jit is assumed that cOpper or a centre with identical properties, is present
in both these crystals. ‘This would explain the appearance of the 1ong
wavelength excitation band at about 5150 2 at 85 K which was observed
j“pre*\ric\lusly in both the ‘as-grown copper doped sample and the crystals treated
'_in zine plus copper melts. Ai
| When light with a wavelength of 5300 X was used to excite the two
chlorine doped crystals, a narrow band at 6400 R similar to the red cOpper
emission, was cbserved. This was especially prominent in crystal 122 .
‘(figure 5 9). The temperature variation of the position of the band maxi-
{‘mum and the halfwidth of this red emission is shown in figures 5.10 and -
,5.11. Results from a number of crystals apart from 122, including some
t known to contain copper, are also shown. It appears that the behaviour
' of the red band emitted by crystal 122 is identical to- that of the other
' crystals. It is concluded therefore that this long’ wavelength band is
associated with copper impurity in all cases. The halfwidth of the copper
band is much less ‘than that of the S.A. emission and varies by 4 x 10 eV/ K.
The maximum of the emission shifts from about 6400 2 at 85 K to 6480 R
at 293 %% at the rate of 1.1 x 1074 eV/ K.

The excitation band at the bandgap in crystal 123 is probably asso-
ciated with the;S.A. band. The presence of the S.A,_band in this sample
'caused'the emission measured under 5650 X excitationito-appear to consist

of a band at a higher energy than that of 122 which contained a larger
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.icopper (6400 X) component.

After chlorine d0ped crystals were heated in- molten zine, the emis-
sion’ under 3650 % excitation was found to be identicai t6 that of undoped,
.z1nc treated crystals which was discussed_in section 5.3 (figure 5,4).
Thue; the~position of the emission band, its halfwidth and the variation
-of each with temperature (iivures 5.10, 5.11) were identical for both chlo-
‘rine doped ‘and undoped crystals following heating in ‘zinc. However, the
‘ex01tat10n spectra were different (flgures 5.12, 5.13). - That of crystal 122
measured at 85 °g after the zinc treatment revealed a prominent band at
4850 2 with a'shoulder at approximately 4550 2 In the excitation spectrum
of crystal 123 after the -zinc treatment the 4550 X band was ‘more promlnent
with a long wavelength tail in the region of the 4850 R band The 4850 £
band, whlch is probably the same as that observed at about 4800 % in the
. untreated chlorlne doped crystals, is ascribed to the preeence of chlorine.
It would appear from the magnitude of the 4850 % vand in figures 5. 12 and
5.13, that crystal 122 contained considerably more chlorine than crystal 123.
Exoitation with light in the region of the 4850 R band'produ_ced -exactly
the same emission:band aS'excitation at 3650 R '

In order to 1nvest1gate further whether copper was 1ntroduced along
with the chlorlne during growth, two crystals were studled which had been
grown in the presence of 5 p.p.ms copper, in the form.of'the selenide,
and 1200 p.p.m. chlorine (cr&stal 135) or 5000 p.p.m. chlorine (crystal 136)
- in the form of zinc chlorideit'The excitation spectra of these two crystals

vi(figures 5.14,° 5 15) are very simllar to the Spectrum of the chlorine doped
. sample number 122, w1th ‘the - 5150 ? band clearly v191b1e, and that at 4850 )¢
more promlnent in crystal 136, whlch was grown with the higher chlorine
concentration. iThese spectra support the view that copper entered the_'
noule-to-produce tne'5150 R excitation band, irrespective'of whether copper
nas'added:to the charge. The emission under 3650 2 excitation at room

.temperature was aimost identical to that of sample 122 for both crystals,



(UOISSIWT 'V'S) 'UZ Ul papay ZZl 10:3SUZ 4o wnJjdads uonpyox3 zi-g iy |

0005 - S 00sy | | . 0007

3
o

<———— f}isuapy

il




(UOISSIWT 'Y'S) UZ Ul P33pay £Z413:3SUZ
v
000S

JO wnJy322dS uo1}D}IX] .mp-m..m‘_.....

0057 . o 0007

A
o~

€——— K}Isudiu] '




'SEL 1JNY:8SUZ Jo wnu3oads uoypyox3y yig Bl
Y Y

000S o . 00SY 000Y

1 . ¥

.58

< f}1SUdju]



00SsS

‘€L 19'N3J:aGUZ jo wnJ}oadg Uo1D}I9X]

00S87

‘G156

000Y

1

\“‘V—ommN

-

X.58

| — K‘;!"sua;ui



-664

'but at 85 K cryetal 156 omitted u bund at 6160 R in oomparison with the
.6250 2 band emitted by crystal 122.. This i ‘probably due to the influence
of the 3.4, emission and is connected w1th the fact that the short wave-

” length ex01tat10n bands are more prominent in the spectrum of crystal 136

than in that of 122 Crystal 135 however, emltted a main band at 5650 i

h with a shoulder at approximately 6200 1. This may have some connection

‘with the band to band and 4600 2 excltation processes: Wthh can be seen
in figure 5 14, although no excitation spectrum for this em1381on was
obtained. | . '

Af ter heating in liquid zinc, a piece of crystal . 136 was again found
to emit the usual S.A. “band but the excitatlon spectrum was almost iden-

. tical to that of crystal 122 after the zinc treatment (figure 5. 16)

The emission from crystal 136, excited by 5 BOO'R light, was found
once again to consist of the narrow_red band identical to that associated
~with copper.' The variation of nalf width and peak position is again shown
in figures 5.10 and 5.11. o

In summary, 1t appears that when chlorine is 1ntroduced into a boule,
copper tends. to enter simultaneously.. The p031t10n of the resultant emig-
sion band is therefore governed by the relative 1nten31ties of the 6400 X
copper band and the 6150 £ s.a. band. Similarly, the excitation spec trum
is mainly a co@binatibn of the copper band at 5150 x,-; band at 4850 &
associated with chlorine, and the peak near the banddap energy similar to
that seen in undoped material after being heated in zinc. When the copper
has been removed by heating the crystal in liquid zinc, the chlorine exci-
tation band at‘4856 X is well resolved and the S.A. emission associated
with the chlorine coactivator is observed.. This emissiOn band is identical
to the S.A. emission described in section 5.3 when undoned material is

heated in zinc. -~
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5.5  IODINE COACITVATTON

' Plgure 5 17 illustrates the emission spectrum under 3650 g exci-
tation of crystal 909, which was grown using the iodine transport method.
The lumlnescence at Toom temperature with its maximum at about 6380 3
was very weak but ‘when - the sample was cooled to sllghtly below room tem-

‘perature an intense band at about 6050 2 was seen. On cooling further,'
the band shifted back towards longer wavelengths and at 85 K was located
at 6160 £. This latter behaviour is again characteristic of an S.A.
emiseion.band whioh at 85°K was very similar to that.emitted by iinc
treated crystals (figure 5.4). The eicitation Spectrum (figure 5.18).
revealed:that:theulongdwavelength band at 5150 2 characteristic of the'
chloidne:and-gqpper doped crystale was fainly insignificant compared with
the hdgher energy bands which were similar to the S.A.Aeicitation bands
. already described. This suggests that the amount of copper in this sample
was less than in prev1ous crystals S0 that the absence of the overlapplng
:‘coppeb em13s1on band allowed the S.A. emission to be detected w1thout any
-treatment in 11qu1d zinc.

“After the'crystai had been heated in liquid zinc the emission was
alnoet4unchanged_except'at roonm tenperature where a énall'tface of copper
impurity may haye{been removed leaving the S.A. band even.more olearly
defined at46050 R. The excitation-snectrum after the;zinc treatment,
':which is shown in:figure 5.19, is aimost identical to:that of the chlorine
' d0ped'crystalvf22'after zinc treatment (figure 5.12). - The low:energy copper
ex01tatlon band ‘is absent and the 4880 % vand is much riore prOmlnent.

This 4880 X band seems to be analogous to the 4850 Pt band in chlorine
doped crystals and is thus_attrlbuted to the presence of iodine within

the crystal.
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5.6 ALUMINIUM COACTIVATION
Aluminium.wae introduced into zinc selenide boules‘during growth

by vapour phase transport, simply by adding aluminium metal dlrectly to

the charge. The crystals were normally of orange body colour although
'there was some tepdenoy for green colouration to occur within a predomi;
n&nfly qraqge’bouie. ;ThieAwae~probably due to uneveh.iﬁeorporatien of
the-aopant.dufinérgrowth. .The red material was feund~to‘nave a resistieity
of approiimatelny x 10° ohm.cm. at room temperature in the dark. This

was five orders oi magnitude less than that of the 6reen material under

the same conditions. It was therefore assumed that since aluminium should
act as a. dOnor, the red materlal must contain the maJorlty of the aluminium.
A red plece of crystal 187, grown in the presence of 1000 P.Pem. aluminium,
Wes takenAae a representative examéle. The emission spectrum of crystal 187
under 3650 ® excitation consisted of three main bands at 85°K (figure 5 20).
They werc: the edge emission at 4650 3 a green band at 5570 % and a red
band at 6320 X On increasing the temperature to 293 K the blue and green
bands ‘were quenched and the red band shifted to 6400 X (flgure 5 20).

»The aall width of the green and red bands at e5 K vere - O 21 eV and 0-22 ev
respectlvely. |

The exc1tatlon spectrum of the red band at both 293 K and 85 %k

consisted of a very broad long wavelength band centred at approximately
5150 2 together with a.ﬁore intense band near the bah&gaﬁ (figure 5;21).
Bxcitation wifh 5300 % 1lizht once again revealed the 5400 & copper emis-
sion. This sﬁégests that under 3650 2 excitation'the observed emission
contained someblong wavelength copper comononent, The'excitation spec trum
eof the greenlband,fevealed a small band at about 4750'2 ir addition to

the main band at the bandgap which was identical to that which excited the

red emigsion with maximum efficiency.

When the cr&etal was heated in molten zinc the resulting excitation

and emission speetra were identical to those of undoped material heated



£8L 1V:9SUZ JO UOD}IOXT Y 0SQE Jepun Wnuyoads UoISSIWI 0Z-G Bl

o008  oooL . 0009 000s . 000y

T L ]

N1




00SsS

£@L 1V:3SUZ 0 wnupoads uoponax3  1z-5 64

TI.Al.&K
000S

00S7

0007

(uoissiw3 y0ZEY)

.68

-(UoISSIW3 YOLSS)
X,58




-669f

.:ih zinc (fl cures - ) 4y 9e5H)e

Aluminlum was then introduced into a piece of crystal 171 by heat
itreatment in a solutlon of 10% mole aluminium in zinc.- This procedure
p:oved extremely dlfflcult since the nelt always attacked the 31llca tube
and usually caused 1t to break whllst the zinc was molten. Only one
run was concluded successfully and “he reSultlng crystal was fouﬁd to
beha&e:differénfly from previous Sampleg containing'éroyh in aluminium.
. The e#citation spectrﬁm shown in figure 5.231can be cqﬁpared with that
of figure 5.5 which was obtained.from a piece of the Same crystal heated
in.zinc only. Wlth the post-doped alumlnlum samnle an extra band was
-Aobserved with 1ts maxlmum at 4800 X at 85 K. This was p”obably the same
band seen at about 4750 8 in the excitation spectrum of crystal 187 contain-
1ng_grown,1n aluminium,. The equtatlon spet trum also exhibited a long
wavelength tail which may haye been associated with coppér contamination.
This suggests tﬁat not all the copper was removed into tﬁe melt, perhaps
beqause of the a1ﬁminium content of the melt or because the melt was not
in good contact;%ith the Sample for a full week. _There,ﬁay-have been some
other féctOrAwhicﬁ'éiso prevented theAtube cracking.

.A The.emissioh under_3650 X ekcitation (figure 5;2?) shifted téwards
lower éne:gy when the femperature was reduéed, as did the S.A. émission
band. However, the emission band maximum was displaéed.towards ionger
Javelengths relatlve to the previously observed S.A. em1391on in chlo-
rine or iodine dOped samples. The band maximum lay at 6350 X at 85 K
and about’bQGO_X:at'293°K. There was therefore a d;splacement to lower
energy of aboﬁt'O;O65 eV relative to the halogen doped S.A. crystals.
This 655O X'band:is agsumed to be analogous to the S.A{_band reported ét
approximately 4700 X in 2luminium doped zinc sulphide. ‘the variation in
hélfwidth with{témperature'of the red aluminium 5.A. Band is shown in
figure 5.11 and is clearly very similar to that of the shorter wavelength |

S.A. emission. The reduction in width at temperatures above 293°K is due
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to the narrower copper band becoming more.prominent. This interaction
of the copper band is also shown in the plot of peak position versus tem—
'perature in which B 6440 £ vand ie prominent at 350°%K and where the band
~ tends o shift ‘towards longer wavelength above about 260° (figure 5.10).
‘: The emission spectrum of the zinc plus aluminium treated crystal
'*tfigure 5 22) also contained a suggestion of a short wavelength tail at
'>85 % which may have been an indication of -the presence of the 5570 X
band which was more prominent in the emission spectrum of 187.

It is concluded that aluminium produces an S A. emission similar

- to that of the halogens but displaced by about 200 £ towards longer wave-

| lengths as in zinc sulphide. At 85 °K an excitation band at 4800 £ appears
}~.which is analogous to the 4850 X bands in the chlorine and iodine doped
crystals. When grown into a crystal of zinc selenide, aluminium produces
| a green band at 5570 8 as well as the S.A. and copper bands. This green

band appears to be excited primarily by bandgap radiation.

5.7 INDIUM COACTIVATION
o Indium was grown into several boules by adding the metal to the
' charge. All such crystals had a yellow-orange body_colour. At 85 %%
all the crystalsremitted both a green and an orange band.A Figure 5.24
showa'the emission spectrum under 3650 % excitation,4of,crystal 181 which
| contains‘100dp}p.m. indium. The green band was centred at 5600 & whilst
' the orange band was at-approximately 6300 £. At 2939K'a.broad orange
band, with its maximum at 6200 X was observed. The position of this room
temperature band varied from one crystal to another because of the influence
- of other sub-bands. Edge emission near 4600 % was also exhibited by some
crystals.

The excitation spectra for the two emission bands-Of this crystal
are shown in figure 5.25. The room temperature spectrum consisted simply

of a single, sharp peak at 4670'2; which is approximately the bandgap
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.energy at'293°K;l At SSOK the broad band centred at about. 4700 £ appeared,
together with a "p'eak correspondiné to bandgap excitati.on:-« The 4700 &
i bandlappeared to consist of more than one component. Thelexcitation spec-
trum of the greén band revealed a small band at about 4850 &, together
| with a pea.k at 4550 £, a 11ttle less than bandgap energy.
. The red emission band shown in figure 5. 24 shifted’ towards lower
.:~energies when the crystal was cooled. This again is typical of S.A.
emission but - the band was displaced slightly towards. longer wavelengths
.‘compared with halogen doped crystals as was that associated with the
S.A. emission‘in the' aluminium doped sample. Since the copper excita-
.tion band was.insignificant (figure 5.25), the copper red emission is
unlikely to haveubeen~responsible“for this(displacement to longer wave-
‘ length. InAfact; if substantial copper emission had occurred, it would
have tended to displace the room. temperature peak to.a wavelength longer
than that observed at 85 K since’ the copper red band does not begin to
quench‘until approximately.room temperature (see section 5.10). This
would therefore oppose the shift which was observed and therefore confirms
.that in-sample 181 the influence of copper was negligible; The band which
: shifted from approximately 6300 £ at 85 % to 6200 R at 293 K is therefore
most probably the S A. emission associated with indium.

,Althoughsthe red and green bande were observedpin'all crystals, even
-those.containing 1000 p.p.m. indium, the ratio of the two bands was found -
. to vary‘from crystal to crystal and'the red band often appeared only as
a shoulder on~the'green, especially in those samples containing small
quantities of 1nd1um. | :

In an attempt to clarify the effects of incorporating indium, several
indium doped samples were studied after they had been heated in molten
‘zinc. This, however, led to the formation of a heavy black precipitate,
probably of indium;' This will be discussed in greater detail in Chapter 7,

‘when the electrical properties are discussed. The precipitate was so

)
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‘dense in most'cr&stals thatvthe luminescent emission uas'considerably
reduced.- however, crystal 139, which appeared to be lightly doped, “Pro-
duced only a small amount of precipitate and when measurements were made
~“on this sample the emission and excitation spectra were found to be iden-
tical to those obtained previously with undoped crystals_following hea~-
3 ting in zinc (figures Sedy Se 5) That is an S.A. emiseion band was' pro-
. 'duced, but it was not identical to the 1ndium S.A. emissJon as geen in
crystal 181. | |

Attempts were next made to introduce indium into crystals, after
growth from suitable solutions. Pieces of crystal 171 were heated at
- 85 % for a week in melts of indium plus zinc containing up to 20% mole
indium.. This process ‘did not appear to introduce indium, since the resul-
| ting excitation spectra were again identical to those of crystals heated
lin zinc alone. Furthermore, the S.A. emission band which resulted lay
at 6150 R at 85 K, not at the longer wavelength of 6300 X as would be ex-
pected with indium as coactivator (figure 5.24). Subsequently, a crystal
was first heated’in zinc only to remove any possible.copper contamina-
'tion and was thenfheated in indium alone at 850°C. This led -to the com-
plete solution of the crystal. No crystals doped witn‘indium‘after growth .
could be obtained therefore. , | :

Pieces ofzcrystal 139, containing grown in indium, which had been
treated in liquid zinc were subsequently heated in either molten selenium
}Vat 650 c, or vacuum at 850 . Both procedures caused the precipitate to
disappear, but the emission from such crystals was different from that
of the as- grown crystais. Green and red bands were produced, but they
- occurred at 6360 X and 5475 % at 85 °K. fThis is reminiscent of the emis- .
; gion spectrum of the copper selenide doped crystal 158 (figure 5.1).
Furthermore, the excitation spectrum at 85% revealed a prominent band
at 100 3, which;hae been assumed to be characteristic of copper.impurity.

" With 5300 ¢ excitation, the 6400‘2 band, which was absent after the zinc
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- treatment, paeﬁonoe aéain clearly observed. It appears therefore, that
'vheating both in selenium and in vacuum introduces copper into the crystal.
 If any indium emission were present, it would almost certainly be maeked
by the copper em1951on. More will be said about these results in section
;5.9;’when undoped material ie discussed. |

| .p‘In'sumnary, pherefore, indium produces an S5.A. emission at about
6300 £ at 85% (figure 5.24) whion is very eimilar‘po the aluminium

's,i; emisaionv(figure 5.22), although it was not possible to isolate
.fhe,band from pheineignbouring copper band. Similarly, tne associated exci-
. tapion band could-not be isoleted; but by“analogy wipn’the aluminium S.A.
'Lband.(figure 5.23), may'lie.within'the broad band centred at 4700 £ (fi-

" gure 5.25). At 85°K a higher energy green band-at.sooo 2 is aigé emitted.
JThis;~agein, is:similar to the band emitted by alumininmidOped'material
~at 5570 2, but the corresponding excitation peak now lies at 4530 &,

not at the Bandgap. Heating in zine appears to precipitate the indium

as a black deposit and cause it to take no further part in the emission-
and excitﬁtion-processes. Aithongh heating in selenium or vacuum leads
_to the disappearance of the pre01pitate, subsequent luminescent proper-

tles appear to be dominated by copper impurity.

5.8 GALLIUM COACTIVATION

Gallium dOped boules were prepared by adding gallium me tal directly
to the charge. This led to crystals with an orange body colour. The .
enission under 3650 x,excitatlon at‘85 °k from crystal 188, which contains
100 p.p.m. gailinm, consisted of:green and red banas et 5630 2 and about
6350 & (figure 5.26). This is very similar to the emiesion spectrum of
the indium doped crystal number 181 (figure 5.24). Aﬁipoom temperature
a sinéle red.band'ét 6250 2 wes observed.' In more heavily doped crystais,
the rreen band was absent at 85 K and only a red band at approx1mately

6200 2 remained.
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‘Tl.le excitatlon spectrum of crystal 188 at .85°K ‘indicated the pre-
gence of the low. energy copper excitation which is responsible for the
long wavelength tall. However, the main feature wag a broad band at 4800 X

- which was probably composed of two sub-bands, together W1th a peak at
,44400 4 corresponding to bandgap ex01tat10n. When the- green emission was
fl monltored, a sharp peak wa3 seen Just below bandgap energy at 4550 X
. ‘There was also a shoulder present at about 4850 K. Once again this exci-
) tation spectrum is very gimilar to that of the 1ndium doped sample 181
'(flgure 5¢25) apart from an apparently higher copper content.
b‘ ~ As in the'case of indium doped- crystals, zinc treatment produced
2 dense black'precipitate'in'the crystal doped with 1000 p.p.m. gallium,
number-140;'and'tne emission and excitation spectra were again identical
to those of undoped crystals folloﬁing zinc treatment. Subsequent heat
, treatment in vacuum or selenium removed the precipitate, but caused the
_lumlnescence to become dominated by the copper emission as before, although
the‘green emigsion band was ‘not present at 85 °z. Toe ex01tatlon spec trum
‘was identical to"that of the indium doped crystal after gimilar treatment.
Excitation by light with a wavelength of 5300 &, both before heating in
iinc and‘afteriheating in selenium or vacuum, once againirevealed the red

 emission centred at 6400 K.

- 5.9 UNDOPED CRYSTALS

The body colour of undoped crystals varied between boules, from
greenAto-oranget- Uccasionally, thls variation occurred w1th1n a single
boule,”the colour gradually changing along the length of”the boule. The
lumineecent'emiesion was also found to vary considerably from boule to

boule; but cryetals could be grouped into several different classes.

(a) Crystaleizs and 104, which possessed a yellow-green body colour,

luminesced only when cooled below room temperature and at 85°K emitted
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" a eingle'nand at 5300. 3 with a halfwidth of 0'22 eV. The excitation spec-

trum of 104 revealed a eingle band at about 4480 X which probably corres-

ponded to bandgap excitation.

(b) - Crystals-Z,;7_and 173 wnicn had an orange body colour emitfed a single
red band at 6450 £ at room temperature. When cooled to 85 % the band
increased in width from O- 28 eV to 0-31 eV, and shifted to about 6150 1.

The excitation spectrum of crystal 7 (figure 5.28) revealed a prominent
broad band at about 5100 £ at 293° and a sharp bandgap peak at 85°K.

Excitation by light With a wavelength of 5300 ' again revealed the 6400 '

' copper band and the excitation spectrum confirmed ﬁhaf.the long wavelength

copper emission was the dominant feature at 293°K. When the temperature

| wag reduced :the band increased in width as the S.A. emission began to

predominate and at 85 K the main component of the emission appeared to
be the S.4. band. The shift in peak poeition was therefore due mainly

to the S.A. bandg-which ewamped the longer wavelength band.

(c) As an 1ndication of the variation between boules, it was found that
Ithe end of crystal T which wasg grown last was green in colour and luminesced

differently from. the orange end. At 293 % this greenvend again emitted

a red band at 6450-2, with a halfwidth of 0-28 eV, but at 85°K a green
band at 5420 £ with a halfwidth of 0-2 eV became dominant, whilst the red

band shifted to 63525 £ and narrowed to approximately 0-18 eV. The longer

.wavelength band was probably again influenced by the presenpe of copper.

The excitation epeetrum of the green emigsion consisted of a broad band

composed of_sub;bands at approximately 4750 b1 and 4550 3.

(4) Crystal 172 was found to emit identically to 7 at 293°K, but at
85°K, in addition to the red emission, a green band with a halfwidth of

0-21 eV was observed at 5350 %, instead of at 5420 § as before.

(e) Crystals 171 and 177, which were yellow-orange in body colour,
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.t”revealedra different character yet again. The emission‘at 2939K was again
' a band at about 6360 & of 027 eV halfwidth. At 85°K two bands which

were emi tted couldinot be resolved, but appeared to lie-at about 6l00 2
and 5600 K. Afyer} intense edge‘emission was also produced by 171.

The emission spectrum of crystal'l71, nhich was the crystal used in the
majority of zinc treatments, is shosn in figure 5. 29 and this can be com-
pared ‘with the emission after the varlous heat treatments carried out .
previously. The corresponding ex01tation spectrum revealed several bands
(figure 5.30). ‘At‘room temperature it consisted of a sharp peak near

- the bandgap at 4680 £ which was probably associated with S.A. em1551on.
.There wag a slight tail towards longer wavelengths, and excitation within
this tail at 293‘i again produced the 6480 2 em1581on1band. When the
crystal was cooled;to 85°K the excitation spectrum-contained at least three
bands apart fron'the long wavelength copper band. The peaks which occurred
near'the bandgap were probably associated with the S.A. band although

the green emiesion also appeared to_be excited by liéht:of similar energy.
Thevlower energyvbands associated with the green emisSion were probably
detected as a- result of partial monitoring of the orange ba.nd, which was

too close to be completely excluded.

(£) Finally;.a:piece of the yellow boule, number 19i:Was studied. This
was grown fromfZinc selenide powder synthesized in thisllaboratory from
semiconductor grade elements. Thé emission at 293°K consisted of an asym—
metric broad band of halfwidth 0-32 eV, which had a maximm at 5800 £.

An unresolved orange band also appeared to be present. At 85 °k the emis-
_ sion shifted to 5650 £ and narrowed to'0-19 eV. A long wavelength shoul-

der, caused by a band at about 6400 % was also observed.

() After samples from boules 7, 104 and 171 had been heated in molten
zinc, they were found to behave identically, despite -the fact that they

had emitted completely different bands previously. Bach emitted only
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the S.A. band (figure'5,4) and the excitation spectra.showed the 4650 £
room temperature peak and the 4480 £ peak at 85°K (figure 5.5).
' Excitation by light with a wavelength of 5300 X did not produce

. the 6400 R copper emission. as it did in all the untreated crystals.

(h) ’.When the.undoped'crystals were heated in selenium or-in a vacuum,A
themresulta were-similar to those.obtained with indium or'gallium doped
Acrystalsa The emission from samples of 171, treated 1n various ways, is
‘shown in figure 5 31 and should be compared with the emission from untreated
material (figure 5. 29) Heating'in vacuum at 850?0 for one week had the
‘least effect. The long wavelength band was increased and.shifted towards
' lonéer‘wavelength whilst: the yellow band was unchanged. ;After heating
the sample in selenium for & week at 650°C,Ithe low energy band became
.”even more:prominent and moved slightlyvmore towards longer‘mavelengths,
whilst the vellow band shifted towards the green and.peaked at 5560 £.
The most obvious results were apparent when a crystal pretreated in zinc
was heated in. selenium. The emission was very similar to that observed
uhen GOpper was introduced from the melt (figure 5.3),'fdt 85°K it con-
, sisted of a'redfhand at‘6400 £and a green band at 54dO 2. The corres-
, pondiné excitation‘spectra (figure 5.32), revealed4the'prominent band
:near 5100 X,.preViously associated vith COpper,:especially in both the
selenium treated crystals. BEven in the crystal heated alone, this exci-
tation band was more prominent than in the untreated crystal (figure 5.30).
The excitation and emission spectra of crystal 171 heated in zin¢ and then
selenium were. identical to those of the indium dOped crystal 139 heated
in zinc and then selenium. This 'supports the view that the indium emis-
sion is swamped after such treatment. When light with a vavelength of
5300 £ was used'tc excite a sample from boule 171, which had been heated
first in zinc then.in selenium, the red band which was emitted was found

- tc behave identically to that observed in crystals known to contain copper




‘S}UBW]DAL} }D3Y SNOIJDA Ja}4D LLL 3SUZ 30 M,G8 3D uoyDydX3 Y 0S9€ .._m_ucs

0008

pJ}23ds co,_mw_Em £ b4
. Y\
 000L 0009 0006 0007
T T T
'
/
../.. /
4!
43
- m
T
=
Lm
— e —— wniua}as Uiz B
e = ——  WNU3RS ) Ul P3YD3Y- L ISVZ
WNN2DA : : 49




‘SJU3WD3J} JD3Y SNOIDA JaYD /| 3SUZ 40 3,68 30 DJ323ds uoI}D}IDX] .lem B4

«—— Y X

000Y

00SS - 000S o . ooqmq
1 . T N
e — wniualjes/dulZ <41
N . , —— —— — — wMu3AS § Ul p33ID3Y 1Ll @SVZ
ANN | : WANIDA |
4 C
4 €
47
B
49

<«——— K}ISUljul



~78-

as i}eg‘ards the variation of halfwidth and peak positioﬁ with temperature
(figurés 5.10,.5;11). It must be remembered that before the selenium
treatment the crystal emitted only in the 6150 £ S.A. band and that no .
" red em;Sslon was observed when 5300 X excitation was employed. This 1n-'
‘crease in the:coppe: red band was also observed in a pie¢e of-crystal 194,
Which.previoﬁély emitted only in the 5300 &£ bénd énd:then was found to
'emit an additionai 6360 £ band after it had been heaféd.in_vacuum. It
therefo're'seem_s llyji.kely that copper is diffusé}d into crystals during heat
treatﬁent; especially whén»heated in selénium. The treatment in selenium

also caused'the Epdy colour of all the crystals to become orangeéred.

,( ); To summarise, the emission from undoped materlal appears complex.
: Em1851on in the orange and red regions appears to consist of a combina-
tion-of_S.A. and qopper bands, but the various green and'yellow emission
fbands'hQQe no.such'simple explanation. The oranée 3.A. Band, which lay
at 6150 % at BSQK; was produced when undoped crystals were heated in zinc.

_Heafing alone or ih vacuum appeared to cause copper confamination.

5.10 THERMAL .Q,UENCHING

o It ‘was explalned in sectlon 1.10 that from measurements of the
quenchlng of the photoluminescent ‘emission produced when the temperature
of a crystal is raigsed, it is p0881ble to obtain a value for the energy
of the 1uminescent;centre relative to either the.condﬁction or the valence
band. This téchnique was used on~severa1-crystals and tbe results will
now be explained.

When it:is required to monitor the quenching of a partiéular band
it is necessary;fQ-enéure that only one emission band is being monitqred.
This was éccoﬁfiiéhed by using a suitable wavelength;for.the excitation.
For e#ample, when the copper emission was studied, light with a wavelength

of 5300.2 was ﬁsed; but for the S;A. emission the mercury wavelength of
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3650 g wasvsatiefactory, since there appeared to be only one luminescent
'emiseion-procese pregent in such crystals. |

It is also.necessary to ensure that the excitation band does not
shift from the wavelength of the exciting light as the temperature is
| ralsed thus chanwing the ex01tatlon efficiency. This was not particularly
‘:iimportant for the c0pper em1331on, since the corresponding excltation band
was fairly W1de. “With the S.A. em1531on, 5650 R light excited the crys-
.tal within the short wavelength ta11 of the excitation peak at both 293 %
"and 85 K. At 3650 X there is very little variatlon in efficlency with
wavelength and hence there is very little effect as the excitation band
.shifts with temperature. If for example, excitation at- 4500 ! were used,
there would be a considerable effect when the temperature was raised as
'the exei tation band shifted to 4700 2.

It is also necessary to ensure that the maximum'of the emission
-band-is~always'monitored_as it shifts with temperature.- ‘In practice this
was a relativelv unimportant point because of the large bandwidth of- the
spectrometer andithe’comparativelv small shifts which were obseérved.

: Wavelength corrections were, however,:made during measurements. Similarly,
the variation 1n sen51t1vity of the system with wavelength was negligible
over the small wavelength changes involved and no correction factors

were necessary.

(a) Self-activated Emission

The thermal: quenching curves of the emission from several crystals

| heated in zinc and which therefore emitted in the S;A. band, are shomn

‘,in figure 5. 33 'Thelcrystals behaved identically exceptﬁfor the undoped

| sample 171 heated in zinc plus aluminium which will be discussed later

in this section. The intensity.decreased very alowly as the temperature
was raised to'approximatelyi240?K and then fell.offpmore_rapidly, dropping -

by about three orders of magnitude by 400°K.
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_Ffom eqﬁation 1.2 the luminescence efficiency n iafgiven by -

1
_N
14Cexp—r kT
if_Io'is tpe em;eeion intehsity before quenching occureiand I is the in-

‘tensity at tempereture T, the efficiency is also.givenAhy

n=
I
o IO 1 + C exp
_ ‘ kT
=0 W
T - 1 C exp “XT
I N L
0 W
log, (7 -1) = logC-q
o I, - oy
. Therefore a plot of logé (if'- 1) versus T ought to produce a line of
sloPe —'E
o

When the curves in figure 5. 33 were plotted in the form log t—- -1)
versus %, as ipvflgure 5,34, the resultant curves appeared~to be composed
of two straight»iihe regions. The slopes of the high temperature regions
gave activation energles of 0-44 eV for 122 (2Zn), O- 41 eV for 7 (Zn), and
0-38 eV for 902 (Zn) The low temperature regions gave correeponding
4energies of 0.031. eV, 0-028 eV and 0-043 eV,

There are two possible explanatlone for the quenching energies
'ebserved. Two quenching processes may be acting. That-aegzagte&-at the
lower temperatures would have low quenching efficiency 'as well as low
energy, whereas the higher energy effect must have a much higher effici-
ency. The eneréiee obtained'fop each process are the same for each sample,

"within experimental error, and the'quenching processes appear to be iden-

- tiecal irrespective;of the initial dopant. The second poesibility is
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that the slow" decrease in efficiency at low temperatures is due to some
‘.effect other than quenching, such as the displacement of the excitation

pectrum as mentioned earlier and that only one quenching process, that
1of higher energy, is actually present.,

" .The 1ess pronounced thermal quenching of the luminescence of the
.crystal treated in. zinc plus alhminium is almost. certainly the result of
"iinterference from the 6400 R copper emission. This 6400 R band was found

to be present atjhigh temperatures when the halfwidth and peak position

'-.of -the S.A. ‘emission were studied as a i‘unction of tem'perature (figures 5.10,
- 5 11) In section (b) it will be shown that the copper emission quenches
:much more slcwly and at a higher temperature than the S. A. emisgsion and

thus becomes dominant at high temperatures. Due to the presence of the
copper emission, no attempt was made to. calculate the quenching energy

Aassociated with the aluminium S.A. band.:

(v) Copper Emission

Figure 5e 35 illustrates the thermal quenching curves for several
crystals which exhibited the copper emission at 6400 R when excited with
'light with a wavelength of 5300 X The samples chosen include both those
deliberately d0ped with copper and those in which the cOpper had entered
the lattice unintentionally, for example the indium and aluminium doped
crystals, There is a considerable variation from sample to sample and
no pattern geems obvious. However, in none of the crystals aid the emis-
sion begin tO'be quenched until above approximately;2809K and most crystals

s continued to‘emit even well above room.temperature. éhe red band in the
. copper selenide doped crystal 158 was quenched very rapidly at just above
room temperature-whereas the crystal heated in zinc plus copper showed
no quenching whatsoever up to 405 K. ll' |

When the quenching curve of crystal 158 was plotted in the form

of loge(;— - j)_versus E’ as for the S.A. emission,,a quenching energy

of 1-0 eV was obtained. Similar plots for crystals 122:and 171 heated
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in'ainc then seleniumvgave energies of 0:55 eV and 0163~ev respectively.
The emission from the majority of crystals quenched at too high a tempera
-ture for a complete quenohing curve to he obtained. However, it appears
that the quenching energy involved must be quite large, partly because

: of the energy values obtained from the three crystals Just mentioned and
'Jpartly because.oflthe high temperatures at,which quenching occurred.,

it seemsvthat there'must be eome additional: process present which is not
'1taken into account in the simple quenching theory of Chapter 1.

The 31m11arity of the quenchlng curve of the undOped crystal neated
1n zinc and then selenium to the other curves 1n figure 5 35, including
those known to contain copper, adds support to the suggestion that heating
:in selenium gomehow 1ntroduces copper into -the sample. |

The high quenching temperature of the 6400 X band is responsible for
'the dominance of the copper excitation and emission bands in most crys-
tals at high temperatures. It is also the reason why; with 3650 & exci-
tation, the emission of the majority of crystals tends to shift towards

' longer wavelengths when the temperature is raised.

'(o): Enission in- the Green Region

Very few measurements were made on the quenching properties of the
green luminescence bands. Reliable results could not be obtained from
_those crvstals'nhich emitted an adjacent orange band, such.as the indium
and aluminium doped crystals,‘due to overlap, but results have been ob-
tained with four green emitting crystals. 'V |

The 5300 R.emission band of the copper doped sample.169 quenched
.»-very sharply.ahove-1300K-with an activation energy of Oej.eV. The 5460 X
| band in the copper selenide dOped‘crystal 158 was honever quenched more
gradually above_approximately_170°K with a corresponding activation energy
of 0-37 eV. | |

Two undoped crystals, 104 and 7, were also studied. The 5300 &
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emission from-104_was_found to fall rapidly above 120?k-vith a‘quenching
energy of 0:22 eV. e 5420 & band of arystal 7 was not quenched until
>~the temperature exceeded 160°K when an energy of O-26ﬂev was obtained.
| »j.Itvthus appears that the green emission bands are quenched, in
general, with lower activation energies than the red bands, ag would’ be

expected. It also appears that the shorter wavelength 5300 X band is

. associated with a lower quenchlng energy than the 5460 X and 5420 X bands.

5.11  SUMMARY

(a) . Self—activated Emission

Self activated emission has been observed in the: presence of a-
variety of coactivators, for example chlorine, iodine and aluminium,
However, there appeared to be only two distinct emission processes (see

‘ table 5 2). Both produced very broad bands which shlfted to lower energy
) _upon cooling, the opposite of the usual shift with energy gap variation.

A high energy emission occurred at 6150 2 at 85% and 6050 R at 293 ,

‘when the coactivator was chlorine or iodine or when‘the crystal was simply

.'heated in- zinc. - A low energy emis,ion at 6350 2 at 85 K ‘which shifted

'.to 6260 § at 293 K was present when aluminium acted as the coactivator
and a very 91milar band was produced as a result of irdium coactivation
and possibly also gallium. This is a situation gimilar to that which
occurs for the S.A. emission of zinc sulphide where group III coactivators
prodUOe>lower energy emission than that associated with‘group VII dopants
(Prener and Weil,'1959). The shift to longer wavelengths on cooling is
"also typical of 5.A. zinc sulphide. . | )

Several differences were observed however in the excitation spectra
.when the various coactivators were present. Zinc selenide simply heated
din 21nc.was found to posgess an excitation band at 4480 X, that is approxi-

mately bandgap energy, with a tail towards longer wavelength. IHowever,
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.:> with iodine, chlorine and aluminium a lower energy exCitation process

' was active resulting in the excitation bsnd at about 4800 2 An 'S.A.

'emission_band could not be completely resolved in the indium doped mater- .
'1 ial because of the:overiapping copper emission and‘eubsequent zine treat-

| ment caused the indium to be precipitated. However, an S.A. band similar
to that produced by aluminium did appear to be preeent (figure 5.24).
.7'It-is clear;that-in all these samples at least two excitation processes
contribute to the‘semefemission process. In the impurity coactivated
| samples the band edge excitation process appears to be of relative insig-
nificance.
| The higher energy emission observed after undoped material is heated
- in. zinc 1s the same as that reported by Aven and Woodbury (1962) to be at
‘6000 X at room temperature after purifying zinc selenide by zinc extrac-
| tion. Markovskii et al (1969) also reported a similar room temperature
emission at 6100 2 which ghifted to 6150 3 at 77 K in zinc selenide heated
in zino. |

Iida (1968) ‘investigated the S.A. band in zine treated material

and ettributed.the emission to pair recombination involving a level appro-
. .ximsteiy'0-35 eﬁ’above the velence band. However, the corresponding exci-
| tation spectrum consisted solely of a bandgap excitation peak with no
‘long wavelength tail as observed in the present study A

 Holton et al (1965) obtained a broad emission vand at 6240 & at
42 K from zinc selenide coactivated by chlorine or bromine, without zinc
' treatment. This almoet certainly corresponds to the band which is located
at 6150 2 at 85_K particularly as they also observed a shift to higher
eneréy when;theftemperature was raieed. They also fonnd the S.A. emission
:associeted withfainminium to be displaced to lower eneréy by about 200 )1
4.as in the present'work. A localised transition between a_zinc vacancy
-and the ooactivetor was again suggested to be the electronic process in-
rolved. However, the corresponding excitation spectrum of chlorine coac-

tivated material at 71°K consisted of & band at approximately 4660 X



together with - a bandgap peak and Holton et al considered the S.A. emission
to be associated with the lower energy excitation. Their exoitation_-

spectrum is simdlar to the excitation spectrum-of ohlorine doped material

‘-;'obtainsd after zinc treatment (£ig 5.12) except that the positions of

;flthe long wavelength bands differ by 150 R, ‘They postulated that the low
'f energy band was associated with excitation between donor and acceptor
liv pairs, a mechanism which is not employed in the present study No
i excitation spectra of bromine or aluminium doped material were illustrated.
| The majority of so-called S.A. emission bands observed by other
. fworkers, for example Leverenz. (1950), Harkovskii and Smirnova (1961),
Asano ot al (1965) and Hironov and Harkovskii (1965). are almost cert-

vainly influenced by the long wavelength copper band and are eimilar to

'Auh'the emission observed in the present work from several undoped crystals

~l,prior to zinc extraction. R
Table 1. 1 shows that most work has been carried out on undoped
material. Hhere zinc extraction has not been employed the results

-.appear to be influenced by the longer wavelength copper emission.

o 'Chlorine has received the most attention of the impurity coactivators

_but once: again the results seem to be influenced by copper. The resuits
.of Holton et al (1965) and Iida (1968) agree. quite well with the present
results although there are some differences with respect to the long
ewavelength excitation band. Aluminium coactivation has received little '
fattention apart from the work of Holton et al and Aven and Halsted (1965)
whose emission bands differ in position by approximately 400 1. The
‘»present results are more nearly in agreement with those of Holton et al.
Although bromine coactivation has been mentioned by Holton et al, there =
have been no reports of S.A. emission with other coactivators, for ‘
example iodine and indium.‘ |

- Since the mechanism of the 8.A. emission from zinc sulphide is

reasonably well understood and has been attributed to;zinc vacancies -
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assooiated vith coactivator atoms, it seems. highly probable that a similar

‘ process should occur in zinc selenide. Both undoped and chlorine doped

E zinc selenide produce the same emission band after zinc treatment and 8O
'it would seem that either the chlorine is playing no part in the process b
i;or it is present in both types of material.: However, since group 111

' Jand group VII impurities produce different emission bands it is clear
ithat the coactivator does play an important part in the luminescent

';gprocess and is not simply acting in a compensating role. Therefore the

"5most likely explanation is that trace impurities of chlorine or similar

. 1;group VII elements in the undoped material are responsible for the 5. A.

:emission observed.. The energy level diagram shown in figure S 36 can- be
',”used to explain the excitation and emission processes quite uoll. The
7coactivator level C is probably identical to the donor level observed

'; in the region.0.1 eV to 0.3 eV during Hall effect measurements on

_:,samples containing varions donor impurities (see chapter ?).- In undoped

_material the number of coactivator levels would be quite small and the

. ;main electronic excitation would ecour across the bandgmp or to the

'--shallov donor levels observed during Hall effect measurements on orystals

”;heated in zinc and attributed to the hydrogenic donor level associated
‘;with chlorine.: A free electron would tend to migrate within the lattice
tuntil it reached a coactivator atom where it vould fall into the level c.
Similarly the free hole would migrate until it became trapped in the
'zinc vacancy level. whereupon radiative pair recombination would occur.
j.f;The excitation spectrum uould therefore tend to possess a maximum at
:;energies close to the energy gap with perhaps a tail towards longer .
5‘";vave1engths due to excitation directly to the C level (see figure 5.5)e
lg_As the number of coactivator centres increased hovever, excitation 5
| 'fdirectly to the level C would tend to increase in opposition to direct
band to band excitation and the longer wavelength excitation would

“beoome more important (figure 5.13) and would finally become the dominant
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process (figures 5.12, 5.16). Despite-the change in-the'excitation process
~ the emission vould be expected to remsin the same, as indeed it is observed
to do. Doping-with iodine led to similar reeulte'(fisure 5.19). - Th
?.ioner energy endeeion band produced by alnmdnium ooactivation can be
‘erpiained usingﬂthe-Same process poetnlated for tbe S'A;:enieeion in'_
zinc eulphide. that is on a basie of the different lattice sites on which
the group III and group VII elements enter the crystal (Prener and Heil
1959). A eimi_l'.ar model to that used to explain the cl_:lorine S’.A. emission
can also be used ‘to explain the aluniniun S.A. emission (figure 5.36).
_vIndinn'aiso'cadsethhe enioeion to occur at lower eneréiee-and can there-
| fore be coneidered to act in a simdlar manner to alumdnium. wvhich ia
fonce again in agreement with the model proposed by Prener and Heil for
zinc sulphide. - I |

Several factore ‘must be considered in order to obtain the various

energyfvalues ehown in figure 5 36 and the-following'energy level dtagrane.

- In figure 5.36 the energiee of the electron traneitione to the conduction

. band and the ehallow donor level were arrived at by aseuming the bandgap
of zinc eelenide to be 2.8 oV and the hydrogenic donor ionization _energy
‘to be approximately 0.03 eV. The value of 0.22 oV for the depth of the
.level c below the conduction band prior to excitation ‘was obtained by
_considering the”naximum of the low energy excitation,band (4800 %)
observed. in cblorine doped cryetals‘heated in zinc'to{correspOnd to the
transition fron'the valence band to thia level., Thefenergiee of the
radiative tranEitione in both the‘chlorine and alumininn‘aamplee were
obtained simply fron the wavelengths at which the naxiaa of the reepective
.emission: bande occurred although a coulombic contribution which is not
known ought to be-included.- The energy of the. ginc vacancy level relative
to the valence band was obtained from the thermal quenohing data and the
depth of the chlorinq donor level after relaxation was therofore obtained

simply from knoqledge of the bandgap energy. However the depth of the
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:donor 1evel was also compared with the value of 0.33 eV obtained for the .

. .donor ionization energy of chlorine using Hall effect measurements.' Sini-
”';lar methods involving energies obtained from both excitation and emission
..'spectra and thermal quenching data were used in conjunction with any

| other relevant information in order to construct the remaining energy
' itlevel diagrams._:“ j
The main necessity for heating zinc selenide in zinc to produce'

the S A. emission is to remove the copper impurities responsible for

'~rthe 6#00 R emission which- tends to swamp the S.A. band This is clear

; ‘since various samples exhibit S A. emission even without ninc extraction

fbecause of their low copper content (figures 5:17, 5.24). The treatment
4may hovever tend to increase the number of zinc vaoancies, and hence S.A.
A ‘emission centres, by renoving the copper from zinc sites. The zinc
".vacancies appear to remain in the crystal in equilibrium with the zinc
:isolvent as was-found by Aven and-Halsted (196#). It vould therefore
seem likely that the proposal by ‘Mironov and Markovskii (1965) and
Harkovskii et. al (1969) that excess zinc is responsible for S A. emission
:is incorrect.( _:: N | o '
_A As the temperature is raised there are three possible explanations
_-for the shift of the emission band towards higher energy. The first is
: that suggested by Iida who considered that the electron can move from
_one chlorine ion to another more readily at higher temperatures and since
"1the probability of recombining via neighbouring centres is higher than
';that betveen more distant centres, more of the ehort distance transitions ;4
.should occur at the higher temperatures. Since the latter produce higher
;energy emission, ‘the emission band should shift to higher energy upon
warming, Alternatively the electrons may recombine vhilst they are in
»the conduction-band, utilising their kinetic energy to produce higher
energy emission.. This is similar to the model proposed by Holton et al.

The third explanation is that of Shionoya ot al (1964) who explained the
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. shift on a basis of the confignrational coordinnte model. Their model

seoms unlikely since it predicts that the excitation band shonld shift in

: ;the opposite direction to the emission band and this effect was certainly
' not observed with manganese activation uhich can undoubtedly be analysed
in terms of the configurational coordinate model (chapter 6). _Further-
A»more, the work ‘of H J. G. Meyer (see Goede and Gutsche 1966) leads to an ,

'equation which predicts a shift to lower energy of both’ the emission and

excitation bands upon warming and -thus contradicts Shionoya 8 suggestion.-

; It therefore seems ‘more probable that the shift is due to a combination
- of the first tvo mechanisms and that the variety of - reoombination processes,

involving variously spaced donor-acceptor pairs with ‘some contribution

"__from free electrons, contributes towards the large halfvidth observed.

S The thermal quenching energy of approximately O.# eV almost cert-

‘ainly corresponds to excitation of valence electrons-into the ‘zinc
~-vacancy levels although the nature of the lower qnenching energy in the

._region of 0.0} eV does not appear clear and it may vell be spnrious.

Cw COPPER EMISSION

- ,(i) Three emission bands, thought to. have been the result of copper

'activation have been observed here in zinc selenide (see Table 5.2).

Hith the red emission at 6400 g, although it is possible that two diff-

erent centres may be responeible for identical emission bands, it seems

'more likely that the emission was the result of copper in all crystals,

evsn.where‘it had not been intentionally introduced.; For example, with .

" the undoped sample_of zinc selenide heated in zinc and then selenium,

. interstitial selenium'or zinc vacancies could produce'an{acceptpr level.

However the properties of the emission band as regards its halfuidth,

peak position, and temperature variation together with its excitation

'spectrnm~are so-similar to the properties of the copper emiesion band -

ythat the centre is either identical or, more likely, is in fact due to

oopper entering the crystal during the heat treatment. Since it has
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_.-been shown by Markovskii et al (1969) that the low energy ‘copper emission

»is produced by as little a8 0.1 pepem.’ copper it would' seem that if copper

'_.is to ‘be avoided, zinc selenide must be heated in the presence of liquid

”fsinc which then acts as a getter and dissolves any copper in preference

o to the zine selenide. It was not possible to detect copper chemically in

samples thought to contain small quantities because of the limits of the

‘ atomic absorption spectroscopic technique vhich was approximately 20 p.p.m.‘

". From the measurements on the chlorine and the indium doped boules it

g would appear that the amount of copper entering the lattioe depends on
! the amount of donor impurity added. For example. boule 122 which poss-
'i"essed a prominent low energy copper excitation band, was ‘found to comtain
.,more chlorine than crystal 123 which was relatively unaffected by copper

' impurities, the S A. band being much more. prominent and not swamped by

”'_the copper red band. -This tendency of the copper to enter the lattice

l-with donor impurities is probably associated with the compensating nature
A»of zinc selenide. 5 . ' '

There are at least two possible models to explain the copper red
Iemission. They are analogous to the two models used to describe the
“copper green emission in zinc sulphide and are illustrated in figure
'5.27., The first is a Schon Klasens model involving the copper level
approximately‘0.86-ev above the valence band whilst the-second is based
on a pair recombination model involving a shallow copper acceptor level,
"due to a different charge state of the copper ion, and a donor level.

' Both models have previously been proposed (Table 1. 2) but no definite
choice can be made since time resolved spectroscopy has shovn a shift .
‘typical of pair recomhination in one case (Fujiwara and Fukai 1967) and
no shift in another (Iida 1969). The Schon-Klasens model would appear

to be more probable because the high thermal quenching energies obtained

o would be asscciated with the excitation of valence electrons into the

deeper 0.86 eV level. Furthermore ‘the red emission vas unchanged
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regardless of vhich donor, chlorine or indium for example, vas present.
Tkis obsemtion differs from that of Kréger and Dikhoff (1950) on zine

sulphide coactivated with elements of groups III and VII. The deep copper

. 'blevel, 0.86 eV above the valence band is probably the same as that

-reported by Stringfellow and Bube (1968) as the cut 1evel.' They placed. :
the level 0.72 eV above the valence band but assumed an energy gap of '
only 2.7 eV. The photoconductivity measurements reported in the foll-
_owing chapter, which can be explained on a basis of the Schon-Klasens
model, might tend to support a pair recombination model. Hore experi-
f ments of 'this type however are necessary before one mechanism can be
.preferred to thefother. The shift to lover energy with increasing temp-
erature is almosticertainly a result simply-of the reduction of the
, fenergy gape. i | - - _'
| (ii) The high energy green emission, which is excited by bandgap
'radiation may be produced by a Schén- Klasens transition to a copper level
-approximately 0.#6 eV above the valence band (figure 5.38).» This is. the
"same model as that proposed by Stringfellow and Bube although they placed ‘
._the oopper level, suggested to be due to a substitutional Cu ion,
‘0.35 eV above the-valence band. Once- again their value of 2.7 eV for the
bandgap may be responsible for this difference.. If a pair recombination
'model ‘were assumed to be responsible for the copper red emission this
‘ shallow ccpper 1eve1 would be the ground state of the transition. How-
- ever if this were so, the ceépper red and green bands vould be expected
to be seen. simultaneously and this does mot occur. _Furthermore the
quenching energies would be expected to be identical vhereas in fact
’ they differ by at least 0.5 eV, This adds further support for the Schon-
Klasens model in explaining the copper red emission.-

(1i1) The 5450 R emission is less easy to explain The excitation
energies of both:g.7 oV (4600 %) and 2.6 ev (4750 &) appear to produce

this emission'band. If these excitation transitionsftransfer electrons
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:A.lfrom the valence band to the donor levels. the ground state copper level .
would need to be less than 0.3 eV above the valence band. Tbis vould
.,appear to be much too shallov an acceptor level and would not agree vith
et level responsible for the 5300 % emission. Also 1: the Cu'" level
;vere involved in both the 300 )" and the 5450 e emissions both bands .»

might be expected to be observed simultaneously and this did not happen.

'*,‘The most likely possibility is that the copper entered the lattice inter-

stitially in-a similar manner to that described by Shionoya et a1 (1965)

‘for zinc sulphide, where it would act as a donor. ThisAwould then allow
a Lambe-Klick. type transition (figure 5.}8) from a:deep»copper.donor'.
jlevel~approkimately 0;5 eV below'the-conduction band.i Theihigher energy
excitation would then be to an excited state of the interstitial copper
don. This interstitial introduction of copper might explain the fact
' _that the 5450 R band appeared vhen zinc -8elenide was heated in zinc
':containing large quantities of copper and also appeared simultaneously _
with the copper red band (figure 5.1). The zinc vacancy ‘sites may have
» :been completely cccupied by copper atoms after treatment in zinc melts
containing a high concentration of copper, the excess necessarily entering |
interstitially. =

The thermal quenching data agree reasonably well uith the models

proposed to explain the two green bands although the values are slightly
less than would be expected. It must ‘be temembered hcvever that the band-
:gap and energy depths alter considerably at the higher temperatures at
which quenching occurs. Furthermore the measured thermal qnenching ener-
gles are normally less than the corresponding optical energies because of
the Franck - Condon effect. o

(c) GROUP III GREEN EMISSION

- The green emission bands of crystals containing the gronp 'III coactivatevs
which occurred in the region of 5600 2 (see Table 5.2) do ‘not appear to

have been;reported\previously. They were usually more prominent in the
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7~1lightly doped boules eince the ‘more heavily doped boulee tended to be
_dominated by the usnal S.A. and copper red bands. - The correeponding

exoitation consiete of a transition almost at the bandgap for indium

- and gallium doped meterial and at the bandgap with alnminium. The

2 situation is complicated becauee several green bands .can: oceur in the

. region of the group III emission in undoped crystala. The 5600 R

"emieeion, therefore, might simply. be the result of the group III elem-

'i ents producing some form cf native defect following their entry into the .
lattice although the influence of a donor 1evel aseociated with the group
TII elements cannot be ruled out. . - =

(d) UNDOPED HATERIAL

"a‘Often nndoped zinc selenide was found to emit a green bend at 85°K.
-The poeition of this band varied from 5}00 R to 5650 & end _sometimes

ccurred together with emission in the orange to red: region. Since

- measuremente were not made epecifically on these green emieeion bands

1 and their correeponding excitation spectra were not elvaye monitored,
1t is not poesible to give any models for the prooeeeee inwolved. Three
. of the bande inyolved. thoee at 5300 R 5420 R and 5600 2 may correepond
to bands already obeerved 4in copper doped ‘samples and materiel contain-
' ing group IIT impuritiee and it is poeaible that copper may egain be
"influencing the emiesion or alternatively native defects may be reepons-
“ible. However there is really ineufficient information to ascribe the
emission bande_to-anypepecific process and more vorh‘ie‘neceeeery before

" this can be done, -



CHAPTER 6

'PHOTOLUMINESCENCE RESULTS - MANGANESE ACTIVATION

6.1 INTRODUCTION

" Attempts were made to introduce manganese into zinc gselenide in
the hope that it would act as an efficient activator in electroluminescent
diodes subsequently fabricated from suoh material. Manganese was chosen
| sinoe it is well proved as an efficient photoluminescent activator in
suoh‘materials as willemite, the halophosphates and.zinc sulphide and
- has also been;used successfully in zinc, sulphide electroluminescent panels
(Vecht 1970)” It was expected that the emission would occur in the yel-
low to red spectral region, partly by analogy with the position of the
emission band produced in zinc sulphide and partly as a result of the
orange and red bands reported to be emitted by zine selenide containing
manganese (section-1.11b). Since there is no agreement-whatsoever as
to . the true position of the manganese emission from zinc selenide and
since the maJority of reported results have been obtained using powder
samples, the present work should ‘also help to clarify the gituation,

Once again, in the figures illustrating the emission and excitation

spectra the intensities are in arbitrary units and the spectra obtained
at 85 °k and . room temperature are not shown to scale. Details of the

growth conditions of the crystals described in tnis chapter are given

in table 6.1,

6.2 DOPING TECHNIQUES

(). Two boules, 141 and 160 were grown by vapour phase traneport in



TABLE 6.1

CRYSTAL GROWTH CONDITIONS

| starting

ggzs£a1.No} e Dopent | a1 Conditions
M D 20 mgm MnSe 7n 555°%
160 D 0-2 gn Mn ', zn 555°%
':'165' op .02 gm UnCl, 1z 555%
170 op 041 gu Mnc1, | zn 555°
213 op MnCL, + 20 mgm M 'Zn 600°C
S8.3 -0p 3 mgn ﬁn012 | sublimation
53.4. op 30 mgm MnCl, . Sublimation
._ 902 Op 2 mgm I + 40 mgm'Mﬁ.'

-Jodine Transport

Mass of- ZnSe Charge = 20 gm for Vapour Phase Transport

D

Op

.3 gm for Sublimation Runs

4 gm for Iodine Transport

= Derby Luminescents

= B.D.H Opum
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'”the presence of. 1600 P.p.M. mANganese selenide and iw manganeee metal
respectively. The emigsion from both crystals under 3650 £ excitation
at’ 293 K was found to consist of a single, weak red band. Crystal 141
."emitted a. band of halfwidth O 30 eV at 6420 R and crystal 160 a band of

' halfwidth 0-2749v2at.6475 R. These bands.appeared to be very similar
v'to_those;fbundfin-the majority of crystals describeddinfthe previous
chapter and were‘probably a superposition-of'both'the'copperiand the S.A.
bands. When cooled to 85 K, crystal 141 emitted a green band at 5280 2
(0-21 ev halfwidth) together with an orange pand at 6300 X (0.20 eV half-
..width) The . emission from crystal 160 at. 85 k. consisted of two very
weak ‘bands at 5470 £ (0:26 ev halfwidth) and 6340 R Because of the
relative insignificance of the orange bands and the presence of the green
'ibands at 85 K it was thought probable that very little or no manganese
was present in these crystals. Later neutron activation analysis of
| crystal 160 showed it to contain only 0+5 p.p.m. manganese. It was there-
fore concluded that the manganese cannot be introduced into a vacuum

sublimed boule from either the metal or its selenide.

‘;(b) An attempt to introduce manganese by diffusion 1nto an undoped
crystal from a zinc plus manganese melt, as was accomplished with copper
and aluminium, also proved unsuccesasful. A black deposit was formed
on the surface:oi“the zine selenide. This was probably manganese sele-

_nide or some similar compound.

-(c)”’ Several'boules’were grown by vapour phase transport with manganese

chloride present in~either the reservoir or-the charge. ' The resultant -

boules possessed an orange body colour and were found to emit a bright

orange band at-both 293 % and 85 °%. The emission from crystal 165, grown
- with 1% manganese chloride in the reservoir, had its maximum at 6350 £

- whereas that from crystal 170, grown with %, manganese chloride in the

teil, lay at 6250 £. mwo other crystals, grown with 1% manganese chlo-
ride in the reservoir and charge had maxima at 6460 X and 6440 %
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respectiwely. “ﬁeifwidthe were of'the order of 6-3 eV. When cooled to

85 K the bende became slightly narrower, approximately 028 eV wide, and

C shifted to higher energy. The emission from crystals 165 and 170 at

_'85 K 1ay at 6150 b whilst that from the other two cryetals occurred at

, 6200 g Although the crystal with the lowest menganeee content emitted
'Sat ehorter wavelengthe than the othere, this was- probably the result of
'ite lower chlorine content and hence a lower copper content. This effect
'wae obeerved previouely when chlorine doped material wag studied.

L In moet reepecte.manganese chloride doped cryetale behaved identi- .
”:fcally to crystale grown in the presence of zinc chloride. Howewer, when
Athe excitation epectrum of the orange emission was meaeured a mejor dif-
ference was obeerved. At 85 K, in addition to the peak correeponding
| to bandgap excitation there were two well-defined excitation peaks at
'about 5050 R and 5350 X These peake were much more pronounced for cry-
stal 165.than for;170 (figure 6.1) and are thought to be agsociated with
“ manganeee. - | o

In order to etudy the manganese excitation and emiseion spectra
fmore’eaeily, crystal 213 was grown with a higher manganese content.
'This wae achieved. partly by raieing the reservoir temperature to 600°c
and therefore producing a higher partial pressure of manganeee chloride
in the growth region, and partly by adding manganese metal to the charge
material The reeultant crystal again had an orange body colour and
emitted a bright orange band under U.V. excitation at both 293 K and
85 K as before. However the band was shifted: elightly towards longer
wavelengthe ite maximum occurred at 6250 X with a halfwidth of 0 29 eV
at 85 %. When the excitation spectrum at 85°K was measured (figure 6.2)
it was found~to‘ooneiet of a small peak at the bandgap at approximately
14400 £ plus tﬂé two manganese bands at 5030 { and 5370 . The two sharp
peeke were found_to be more pronounced than those of crystal 165, and

atomic absorption analysis showed that crystal 213 contained 1700 p.p.m.
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. 6400 X copper~band. The two excitation wavelengths correspond approxi=

.~:-manganese oompared with 600 p.p.m. in crystal 165 and 100 p. p.m. in cry-
: stal 170 At room temperature the excitation peak at the bandgap disap—
'peared and the~manganese bands broadened so that they ‘could not be re-
solved (figure 6. 2) At 85K the halfwidths of the high and low energy
: manganese excitation peaks were 0¢11 ev and 0-13 eV respectively.
: When light with a wavelength of 5300 R was used to excite crystal
;.213 the spectral emission distribution shown in figure 6.3 was obtained.
At 85 K, in addition to the broad red band at 6400 £ observed previously
‘in ‘the. maaority of crystals, “there was & marrower band at 5870 X When
the wavelength of the exciting light was ehanged to 5200 R the 5870 £

: band was reduced ccnsiderably and became of eomparable intensity to the

- ‘mately to the maximum of the low energy manganese excitation band (5300 R)
'and the minimum between the two excitation bands (5200 R) It can there-
fore be assumed that excitation within the manganese excitation band
was respohsible for the production of the 5870 )8 emission, which would
appear to be the.characteristic manganese emission.~:In the preceeding
v;chapter an excitation band at 5200 % associated with copper, was reported.
'Copper was probably also present in crystal 213 and excitation within

- this band led to the 6400 R emission. Excitation with light with a wave-
length of' 5000 R also produced the 5870 2 manganese’ emission band, sugges-
ting ‘that the two excitation bands are associated with the same manganese
. emission process., The ‘emission spectrum obtained when 3650 ' excitation
was employed was apparently a combination of the copper emission, the
manganese emission and the S.A. emission, which is strongly associated

with the bandgap excitation.

| (d) " In an attempt to introduce even more manganese into zinc selenide,
severalifurther crystals were grown by rapid sublimation in a sealed

tube with manganese chloride present. SZinc sélenide platelets.mixed .
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:'sithgo-j%fmanganese chloride wereisuhlimed to produceia ;ellow;polycrj- |
| stal, SS.3. The excitation spectrum of this crystal is illustrated in
"figure 6.l. ,Thsxmanganese bands are barely visible and the major exci-
tation'appearsitoeoccur across the bandgap., ‘The crystal was later ana-
.flysed and found to contain only 20 p. p m. manganese.i This estimate of
‘the manganese content agrees quite well with the observed excitation
lspectrum Zinc selenide mixed with 19 manganese chloride did not trans-
port along the tube and instead the charge sintered to a deep red and
-.orange miss (sample 5S. 4) The excitation spectrum of this material
revealed prominent manganese peaks but the crystals were too non-uniform

to.be'accurately analysed and were extremely polycrystalline.

(e) Finally houle 902 was produced .using the iodine;transport me thod

in shich.zinc selenide platelets plus 1% manganese metal were transported
_ ueing iodine,f The boule had a deep orange body colour:and was of high

- crystalline quality. When excited by 3650 § light at 293K it emitted
a}broad red handfat 6550 £ with a halfwidth.of 0-36 7. When cooled |
to-85°K‘the bandﬁnarrowed to 0.31 eV and shif ted tb'séso'ﬂ (figure 6.4).
The excitation spectrum of this crystal revealed once more the prominent
blmanganese excitation bands (figure 6.1). There was no evidence of a

band o band excitation peak although there was a small peak at 4670 A°.
This_did not_appear’toibe the same band that was responsible for the
shoulder~observed in the spectra of crystals $5.3 andf170. This shoulder
was’ probably associated with the S.A. and chlorine excitation bands which
 can be seen,in figure 5.9. The peak at 4670 % therefore is probably
another manganesé:excitation band. At 293°K the excitation spec trum

- of crystal 902 mas.almost identical to that of crystal 213 (figure 6.2).
‘The two manganeee bands were again unresolved and displaced to longer
wavelengths compared with their positions at 85 °K. |

When light chopped at 10 cpa was used to excite crystal 165, it
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.fwas{found;that,the_excitation'peak at the bandgap and the shoulder at
" 4700 R increhsed almost tenfold relative to the manganese pesks. Chop-
ping frequencies higher than 200 c.p.s. did not appear to produce any
":1further changes.' The manganese bands were'therefore resolved most easily
,when the exciting light was chopped at 200 c.p.s. ‘and consequently this
_frequency was nsed to obtain ‘the excitation spectra of all menganese
doped crystals." '- ‘ . |
| When crystal 902 was excited by 5300 £ light the narrow band shown
. in figure 6.5 was. observed. At 293 K the bend lay at 5920 £ and had a
- halfwidth of 0 18 eV. When the crystal was cooled to 85 K the band nar-
rowed to 0:13 eV and shifted sllghtly to higher energy, finally lying
at 5870 '8 The'6400 x‘copper band wes present only:as a long wavelength
shoulder. By comparison with figure 6.3 it is clear that the manganese
'content of crystal 902 is much higher than that of 215 in relation to
the-copper content. Chemical analysis showed that crystal~902 contained
1% menganese and hence all the manganese added prior to growth had entered
the crystal. The halfwidth of the manganese emission ‘band (figure 6.6)
'is considerably smaller than that of the S.A. emission and of the copper
* band, (figure 5.11). The width was found to vary by 3 1 x 1074 ev/%
“and was therefore-less temperature dependent than that_of the S.A. and
copper bands. A plot of the position of the emission hand maximum versus
.temperature (figure 6.6) shows that the manganese band shifts by

5 6 X 10 -3 eV/ K which is practically negligible.

6.3 MEASUREMENTS AT LIQUID HELIUM TEMPERATURES »
The emission from crystals 213 ‘and 902 under 5300 X excitation

was ‘also measured at temperatures down to approximately 15 % using an
Optica spectrometer. Measurements of halfwidths down to 15°K showed

that the: width remained constant at approximately 0- 14 eV at temperatures

below 100°k.- ' This is the result of all the excited electrons being confined
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eto'the zero~point*ensrgy level in tho.oonfiguretional~ooordinste~model
5 ag described in Chapter 1. The energy of the phonon which interacts

in the excited state can therefore be obtained by applying equation 1.1.

1
= WO I:coth 2qu 2
. hy o
if 2. kT W = Wo[eo ]
R TR B A
At low T, % is large and coth 2 —1 . .. T__, Wo

‘At high T, 2 is smell so that terms efter:l oan‘bejneglected

. ) Z
. ._. ' -WT = Wo(z)i.

. - 1 .
e . ZkT ) -
DR Wy =W4pv]2 - - (6)

Thus if the square of the halfwidth is plotted as a function of tempera-
ture, the: phonon energy hv can be obtained from the- slope of the straight
line portion of.the plot if Wo is known. From a plot of ‘the square of
the halfwidth jiersus temperature for the manganese einission from crystal
902 a value of 0-032 oV or 258 cm? was obtained for the energy of the

. phonon involved.- | -

“In the emission spectrum of orystal 213, two sharp lines at 5545 X
| and 5565 £ were observed at 15 K. They could not be clearly resolved .
however because of overlap of the excitation gnd ‘the emission bands.

The higher energy line may well have been the zero phonon line of emission
with the 5565 R line ‘a phonon replica although it is. possible that any
'lines of higher energy still may have been swamped by the exciting light.

No lines were observed in the emission from crystal. 902
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6.4 TREATMENT IN ZINC OR SELENTOM
Sinoe, in order to produce electroluminescent diodes, the resis-p

tivity of zinc.selenide must be reduced by heating it in_molten zinc,
\theieffects‘ofitnis zine treatment upon the manganese lnminescence pro-
ceeses‘were stﬁdied using crystals 213.and 902. Thelemission, under
i.3650 £ excitationjfrom both crystals after they had been~heated in mol-_
ten zinc was identical to that from all other crystalsitreated similarly
vhetner they originally_contained manganese or not. :That is to say, one
" band only wasdobserved'at room'temperature with a maximum at 6050 £ which
'ehifted'toj6150.g when cooled to 85°K. The excitationfspectrum of cry-

| stal'213 folloving the zinc treatment is shown in figure 6.7. The two
manganese excitation bands have been completely removed and the spectrum
- very similar to that of the chlorine doped crystal 122 after heating '
in zinc (figure 5 12) The 4800 X band characteristic of chlorine is

again-present. No manganese excitation bands either could be found with

- crystal 902 after it had been heated in zinc. In fact ite spectrum was

almost identical'to that of the undoped'crystal 909 grown by iodine trans-
port afterxit_had'neen snbjected:to the zinc.treatment (figure-5.19).
Analyeis of crystal 902 after it had been heated in:ainc'showed, however,
 that 1t still contained the same amount Of'manganeseias.tefore that treat-
ment. Samples,of‘crystal 902 which had been heated in zinc, were sub-
sequently heatediin vacuum or in selenium. As a resnltrthe_manganese

| ~excitation bands.reappeared and an excitation spectrum identical to that
prior to the:zinc treatment was obtained. However,.excitation‘by 5300 £
'.light did not resolve ‘the manganese emission band as well as before the

' zino treatment and excitation of the selenium treated crystal at 85 K

by 3650 ' 1ight produced a band at 6440 £ with a halfwidth of 0-24 eV.
This is much. narrower and’ at a longer wavelength than the emission from
untreated material and seems to agree with the previously observed effect

that the copper emission increases after heat treatment in vacuum or
r\r\A
‘ e scl cs Euorry
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" 6.5 - PHOTOCONDUGTIVITY

The.photoconductivity of crystal 902 (figure 6.8) was studied in

order to discover whe ther excitation within the two manganese bands led -

ke photoconductivity.~ The apparatus used was virtually identical to that

. used to obtain the luminescent excitation spectra. That is, a chopped
light source was passed through the monochromator onto the pample which
Ahad.100 vV D.C. applied across it. The current through the crystal was
taken through a'1 _megohm ;esistor and the voltage produced across this
resistor was fed to. the phase sensitive detector. Therefore the signal
'being monitored was characteristic of the actual photocurrent and did
' not'include the background dark current'due to thermaljexcitation. Cur-
rents of the crder of 10 ? amps could be measured. o | |
A At 85 K, with a chopping frequency of 200 c. p.s., a single peak
-at ‘4450 X dominated the spectral response of the photoconductivity of
crystal 902 (figure-6 8). With 10 c.p.8.- excitation a small photocurrent
'vwas observed at longer wavelengths but it was still negligible in com-
| parison with that at the bandgap. At 293 K -the spectrum congisted of
two shoulders at approximately 5500 2 and 4900 £ superimposed on the
* maximum response at the bandgap. When the temperature wag raised to
'360°K the 5350 £ ana 4900 & bands became more promment and at 400°K
- they completely'dominated the photoconductivity spectrum. The positions
'of these two 1onger wavelength bands do not coincide with those of the
manganese bands at the same tempera ture (figure 6. 2) and it is felt that
they are more likely to be associated with the copper and the iodine
1mpurity bands described in the previous chapter. The absence of the
manganese bands from the photoconductivity spectrum at 85 K indicates
. that the excitation process responsible for the manganese emission 1is
| not associated with photoconductivity so that no electrons are excited

frcmpthe ground state of the manganese ions into the conduction band.
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' The appearance of the excitation bands attributed to copper and iodine,
as the temperature is raised, can be explained as follows. If an elec-~
tron is excited to the iodine donor level, at low temperatures it will l
tend.to‘recombineadirectly,with a hole, The electron ‘will therefore
take no part:inhcondudtion processes. As the temperature is raised,'
;. however, the electron will be more likely to be excited into the conduc-
, tion band and will therefore contribute towards the conductivity until -
it recombines. Therefore at low temperatures only hole photoconduction
will occur whereas at higher temperatures the electron will also take
'h:_part. The same argument can be applied to an electron excited from the
‘ copper level to the conduction band when hole conduction will only assist
electronic'conduction»at higher temperatures. In both cases the tempera-
ture at_which'the conductivity begins to rise'is associated_with the

temperature_at_which thermal quenching of the luminescence begins.

6.6 COMPARISON WITH MANGANESE CHLORIIE

o In order to ensure that the emission associated with manganese
in zince selenide was not, in fact ‘due to precipitated manganese chlo-
vride or manganese iodide, a sample of mangenese chloride was examined.
Since the chloride is 1uminescent only when anhydrous, the sample was
‘first melted in a silica tube and sealed off from the air,

When etcited by 3650 % radiation at room temperature, the sample
emitted an asymmetric band at 6400 2 with a halfwidth of 0 +29 eV
(figure 6. 9) When cooled to 85°K this band was gradually replaced by
a longer wavelength band at 6800 £ with a halfwidth of 0-26 eV, Very
'}similar bands ‘were seen under 5300 ) excitation. Ths excitation spec-
trum at 293 % revealed broad bands at approximately’ 5600 R, 4600 £ and

4200 & (figuref6,10). When cooled to 85 K, bands were seen at 5550 X,
4600 %, 4150 &, 3700 £ and 3650 R. These bands again_correspond to transi-
.tions within the manganese ion but they do not coincide with those ob-

tained for the manganese ion in zinc selenide (figure 6 1). Furthermore
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- the emission bands are also dissimilar, differing by almost 1000 X at
85 % and 500 R at room temperature. -
: The fact that two emission bands were observed . might suggest that
a substance other than manganese chloride was present within the tube,
perhaps formed when the chloride was melted. This may~have been respon-
sible for the slight discrepancies observed between present results and
'those of Klick and Schulman (1952) Although the higher energy bands
observed by Klick‘and‘Schulman correspond quite‘wellito those observed
in the present,study;'the longest wavelength excitation'band they observed
lay-at'SZOO_x not755so i. The‘tno emission.bandssmav alternatively have
:been associated sith-recombination from two separatefmanganese levels,
the lower'energv transition'being quenched at room temperature.
| However, since neither the results of Klick and Schulman nor those
obtained in the preeent study of manganese chloride agree with the results
_ obtained from manganese activated zinc selenide,_it;can safely be assumed
- that the results'reported in this chapter are in fact those of manganese |

activated zinctselenide.

6.7 THERMAL g_g CHING

- A8 described in section 5. 10 suitable excitation must be used to
isolate the required manganese emission. Although 1ight with a wavelength
.of 5300. X was used this also excited the copper band in most samples
. and hence only crystal 902, with a negligible copper Jband, could be stu-

'died with confidence._ Light with a wavelength of 5300 R was also satis-
' factory since it lay within the low energy excitation'band at all tempera-
tures used (figure 6.2). - ’

The curve which illustrates the quenching produced in crystal 902
is shown in figure 6.11. There 13 a gradual decline from 85 K to approxi-
mately room temperature whereupon the intensity begins'to fall off more

rapidly. This is very similar to the behaviour of the S.A. emission
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" (figure 5.33) and indeed, when the resulting curve was plotted in the

,form IOg (%9 f-'i) versus % (figure 6.12), two quenching energies of

"‘.O 025 eV and O- 33 eV were obtained, These are similar to the values

A_obtained for the S A. material.. Onece again the lower energy effect may
: be associated with some incidental ‘process such as a shift of the low
energy excitation]band or it may be an actual 1ow.efficiency quenching

. process.

6.é DISCUSSION

All the crystals which contained manganese emitted in a broad orange-
| red band when3}650 £ excitation was employed (figure 6.4). Measurement
of theexcitationbspectra of'this emission for all such cerystals, how-
.ever, revealed‘atcommon feature, namely the two sharp'peaks in the green
region (figure -6 ’1")'. At 85°K. these lay at approximately 5040 £ and 5370 R
_and . increased with increasing manganese content (figure 6.1). A higher
energy peak at 4660 £ was also observed in the crystal containing 1%
manganese. Excitation with light with wavelengths within the two green
| excitation bands, either at 5300 x or 5000 X resulted;in the emission
ofda'narrow orange band at 5870 g,(figures 6.3, 6.5);a This band broa-
dened from 0-13’-..eV at 85%K to approximately 0-20 eV at room tempera ture
and was clearly much narrower than typical emission bands reported in
the previous’ chapter. At 293 K the band lay- at 5910 X and hence had
only a slight temperature dependence. This emission is clearly associa-
ted with the manganese impurity within the crystal. The luminescence
observed under 3650 X excitation is broadened by the additional S.A.
- and copper bands which obgscure the manganese emission.

The maaority of previous workers on the emission of manganese ac-
tivated zinc.selenide appear to associate manganese with a red emission
band in the region of 6400 £ at 293°, (Leverenz 1950, Asana et al 1965,

1968 a, Apperson et al 1967). Such an-emisdion is very similar to that
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-observsd under }650 ) exoitation in the present orystals (figure 6.5)

' and is almost certainly affected to a considerable extent by the 6500 X
‘copper band reported in the previous chapter. Asano et al (1968 a) stu-
= died the . excitation spectra of mixed zine sulphide—selenide phosphors
activated with manganese chloride. They observed sharp manganese exci-
tation bands in the sulphur rich samples but these disappeared as the
selenium content was incrsased until in zinc selenide a’ shoulder only

' was observed at-approximately 5200 X This probably(corresponded to the
- copper excitation band (figure 5. 7) When 5300 X excitation was used

the red copper band, not the manganese band, was produced. It therefore
.appeare that there was either considerable copper contamination in their
'samples, perhaps due to the flux employed, or the manganese (approximately
1%) was not entering the selenide. Apperson et al (1967) obtained an
‘excitation band‘at approximately 5050 X and a shoulder at 5500 X at 85 K
which may have been associated in some way with manganese. However the

" 'emission was. again reported to be at 6300 X although the wavelength of
A_the exciting light was not given. This emission was probably again af-
fected. by copper impurities although no details of crystal preparation
were given and‘thus no explanationvis; possible. Early cathodoluminescence
measurements by Larach (1953) may have revealed the manganese emission

at 5940 2 at room temperature although the addition of.ohlorine appears

1.to have introduced S.A. emission centres.

Langer and Richter (1966) carried out optical absorption measure-
ments at.4 2%k on melt grown zinc selenide conteining 0. 14 manganese. |
They observed tWo absorption bands at 4995 £ and approximately 5300 £.

A zero phonon line at 4737 R corresponded to an unresolved third band
at somewhat shorter wavelength. These three absorption bands almost
certainly correspond to the excitation bands: observed at 5040 R 5370 X
and 4660 R in the present work, the slight shift being attributable to

temperature differences. They also reported that the corresponding emis-
sion band lay at approximately 5815 R although no further details were given.
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_ The present resulte, therefore, are in agreement only with those
of Langer and Richter. The three excitation bands are probably assozia-
- ted with’traneitions from the ground 6A1 state to three-excited levels
within the manganeee ion, and are 6A -—>4T1, 6A-—%>4T' and 6A -—>4A1,4E
in order of increasing energy (figure 1.6). Transitions to higher levels
Aare not observed because of the onset of excitation across the bandgap
as shown in figure 6.2. The orange emisgsion band is due to the transi-
tion from the'loWest excited state to the ground stateg that is 4Tf—a-6A1,
‘as in zinc sulphide.- | |
The thermal quenching measurements led to a quenching energy of
the order‘of 0-35'ev. This probably corresponds to the energy required
to'excite'the7eléctron from the minimum of the excited state in the con-
| figurational-coordinate model to the point at which the ground state |
curme.intersects 1t (figure 1.10a). Photocapacitance'measurements by
Braun et al (1973)‘place the manganese ion ground state 0+6 eV above the
valence band. This would put the 4T level very close to the conduction
band and the quenching energy of 0-025 eV may be associated with the trans-
.fer of electrons from the 4’1‘1 level to the conduction band. ‘
PFrom the temperature dependence of the halfwidth of the manganese

emission, a value of 258 cm.1 wasg obtained for the energy of the phonon
which coupled with the manganese ion in the excited state. Thie is in
the region of the energy of the longitudinal optical phonon of zinc se-
lenide‘whichvhasibeen reported to be 242 cm.1 from edge emission etudies
(Rejnolds et al 1961) and 250 cmf1 from infra—red reflection measurements
(Aven et al. 1961) Langer and Richier also concluded that the manganese
ions were coupled to the lattice phonons and obtained a maximum energy

of 242 cm.1.from'the separation of phonon replicas.-:It therefore seems
most likely that the longitudinal optical phonon is responsible for the
dominant interaction with the manganese ion. '

The mechanism by which the manganese emission disappears after
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'icrystals have'beeniheated in zinc is not clear. The exeitation bands
' reappearjwith their original intensity when the crystal is subsequently
heated in vacuum_or selenium and thersfore the manganese is not removed
.from the'crystal:into the melt. This.conclusion is_also_supported by

~ atomic absorption:analysis before and after zinc treatment. It seems

'-._'unlikely that the manganese was precipitated in a 51milar manner to in-

dium and gallium since no second phase was visible even in the 1% man-

o ganese sanple after zine treatment. A suggestion by Allen et al (1973)

is that, because of the high concentration of free electrons after zinc’
treatment, the energy released by the manganese ion produces hot elec-

trons by an Auger process rather than visible emisgsion. Absorption mea-~

surements on a sample of boule 213 heated in zinc support this view since

" the zero phonon;absorption.line'is still visible,‘shosing that the man-
R ganese ion must remain in its original state (Jones and Woods 1973).
It is clear from the present results that up to 1% manganese can
- be successfully incorporated into zinc selenide crystals during growth.
Growth from the vapour phase, in the presence of manganese chloride,
be used but With the iodine transport method, a higher concentration

‘ of manganese can be introduced._ The excitation and em1381on processes
| have ‘been unambiguously identified and are ascribed to-internal transi-

tions Within»the.manganese ion.
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CHAPTRR ]

RESULTS OF HALL EFFECT MBASURFMENTS °

7.1' INTRODUCTION

The majority of crystals; whoge transport: properties have been
studied, have already been discussed in Chapter 5 and details of their |
growth conditions and doping levels #ere given in Table 5 1. In the
. present chapter interest’ is concentrated mainly on samples containing
4:group III impurities and the effect that heating in zinc has on their
‘properties, although gome mention of chlorine doped material is made

- towards the end of the chapter.

7.2 - UNDOPED MATERIAL

As pointed out in Chapter 2, undoped zinc selenide has a uery high
resistivity and the magority of work has been carried out on crystals
heated in molten zinc. Boule number 7 was investigated and a sample
from the end which exhibited green luminescence, that_is the end which
was formed last, was found to have a room temperature'conductivity of

1 in the dark. This is totally unsuitable for Hall

5'x,10-13 ohm"}cmf
effect msasuiesents. However, when strongly illuminated by white light,
passed through a copper sulphate filter, the conductivity was found to

increase to 5 x 10 - ohm, cm.1. This enabled the Hall effect to be ob-

12 cu73 and mobility

served and values of the carrier density of 2 x 10
of 200 cm?/v,sec. were obtained. These figures areponly intended to éive
an estimate-of the transport properties since both the_nobility and car-

rier density were strongly dependent on the light intensity and many
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fdsecondary effects:sucn as hole conduction and quenching phenomena may

have:been present simultaneously. | -

_ In order to reduce the dark resistiv1ty,samples from both ends

'lof boule 7 were heated in molten zinc at 850 C for a week. In both ‘cases

) the room temperature conductiVity was found to have increased to approxi-
mately 3. 5 ohm.1cm ;! and ‘the transport properties were easily measured

ﬁAt room temperature both samples had a mobility of approximately 400 cm./v.sec.

and a carrier density of 6 x 1016 cm.s. On cboling to 70 K the carrier

| densities felltgradually to 1 x'10 16 cm.3 but whereas the mobility of

'the originally orange luminescent sample reached a maximum of 900 cm./v.sec.
in the region of:90 K, that of the-originally green luminescent sample
;reached 2000 cm?/v.sec. at 70°K and was still increasing,as the tempera-
ture'was lowered.even further. It will be shown in the next section that
the most likely explanation for this behaviour is that neutral impurity
Ascattering was acting as a mobility limiting process in the former sample.
The temperature.variation of the»mobilities and carrier densities of these
samples. can be seen in.figures 7.1 and 7.2; together;with the results

from several other samples which will be consideredtlater.

7.3  INDIUM DOPED MATERIAL -

(2) Doping from.solution

- Undoped zinc selenide samples were heated in molten zinc plus dif-
ferent amounts'oi indium at 850°C for a week in a similar manner to the
luminescent samples described in Chapter 5, in an attempt to diffuse
indium into the crystals. Samples from the green luminescent porticn
of boule 7 were again used as the basic material and two indium concen-
| trationB'were‘used, 3 mole % and 25 mole %. The resistivity was reduced
‘ considerably‘and the room temperature mobilities of the 3% and 25% indium

‘gamples were 550 cm?/v.sec. and 500 cm?/v.sec. Corresponding carrier
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’:aénsities of75:5?r 106 cnz3 dnd 146 x 10'® cn=3 were obtained. In both
Asamples the mobility reached a maximum at about 60%K and then fell as the
,temperature was'lowered further; The maximum mobilities were of the
order of 2400 cm, /v.sec. and 1400 cm./v.sec. respectively. Thevtempera- ,
ture variation of the carrier density was found to be 1dentica1 for each
sample down to. 50 K although only the 25% indium doped sample was studied
below this temperature. Figures 7.1 and 7 2 show how the mobilities
VAand carrier densities of the two samples varied with temperature down

to 65 K and figures 7.5 and 7. 4 show the extension of this variation

down to 17 K for the 25% indium sample.

' According to equation 2.44 the value of n obtained directly from
measurements of the Hall voltage should be multiplied_by the scattering
t:actor r to give the true carrier density. Down to approximately 100°K
- the,scatteringlprocess will be shown to be associated-with optical pho-
nons.and hence:the value of T should be taken to beuunityA(see Table 2.1).
.However, below}100°K ionized impurity scatiering seems;to predominate.
Por this scattering prOcesS'r has a value of 2.and therefore the true
carrier density is a factor of 2 greater than the value obtained experi-
mentally. When corrections for the scattering factor were applied to
the variatiOn in carrier density with temperature, the less steep curve,

 shown dotted in figure 7.4, was-obtained. By fitting equation 2.15 to
several points of the straight line portion'of this curve it was possi-
ble to obtain'yalues'for the donor and acceptor impurity concentrations
together with the donor ionization energy. A value of 0-17 m was cho-
sen for the electron effective mass (Marple 1964) and th1s led to a va-

lue for the effective density of states N, of 0-34 T'°0 x 10'7 en7>.

c
N, - N, was taken to be 2 x 1016 cm73, this being the carrier density

at hish temperatures with all the donor levels empty. The best it to

the curve shown in figure 7.4 was obtained with values of
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E = 0’012 eV

d
ND = 1.05 x 1017 cm 5
N, = 845 x 1016,cm73

The following values were obtained from measurements on:the sample heated -
 ,in zinc plus 3% indium
i

‘B, = 0.013 eV

d
Ny = 1:25x10 | éml?
N, - 8.3 x 1016 cm>

:Because of the simllarity of all the curves shown in figure 7. 2 it seemed
very probable that the same donor 1eve1 was present in all the samples
heated in molten zinc whether or not indium was present in the melt and

| that the indium was playing no part in the process and did not diffuse

| into the iinc éé;enide. This fact was in agreement ;ith the apparent
inability to introduce indium into zinc selenide as shown during the
luminescence pkﬁdies (see Chapter 5),and atomic absofption analysis,
aifhbugh not condlusive, showed that the indium conéént%ation was below
the limif of'detection which was 70 p.pem. It was ther@foﬁe con?lude@
that»the.eameidoﬁér'level was reéponsible for the low resistivities of
all samples mentioned &o far and the donér ionizatiéq energy of the sam-
ples heated inizinc alone was taken to be an average»éf the values obtained
.above, that is 0.0125 eV. The corresponding impurity concentrations

in the sampleiof boule 7 heated in zinc alone were found to be

N. = 1435 x 107 em?>

N = 65 x 1016 cmo

It is interesting to note that despite the fairly low resistivities obtained
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in .these crystals,‘thére was still a hiéh degree of_compensatiom pregent.

" For the'crystal heated in zinc plus 25% indium, below approximately
30°K the carrier‘density ceased to fall off as a function of temperature
 and flattened off at a value Just less than 104 cm? (figure 7.4).
| lAs the temperature was reduced further there appeared to be-a slight

increase in'carrier density. This behaviour is similar to that observed
_‘in cadmium sulphidep(Crandall 1968) and can be explained by a non-metallic
 impurity conduction process in which the electrons frozen into the donor
levels can hop between successive unoccupied donor letels without the need
to be excited into the conduction band (Mott and Twose 1961). There
were always sufficient unoccupied donor centres available for the hopping
process to occur_even at these low temperatures, becauserf the high
-,degree of compensation present in the material. |

| . In order:to understand the varidtion of motility with temperature
of the sample heated in zinc plus 25% indium (figure 7. 3) it is necessary
' to obtain some order of magnitude values for the mobility ag limited by

_ the various scattering mechanisms described in Chapter 2.

(1)  Acoustic mode phonon scattering

Assume .picL = 1.06 x 1012 dynes/cm? (Aven and Segall 1§63)
By = 4 eV (Aven and Segall 1963) -
*' .

Y 0+17 m (Marple 1964)

Equation 2.20 can be rewritten as

| },A = i.74 x_108 f 2 cm?/v.sec. . - (7.1)

This process would therefore result in a mobility much higher than that

obgerved in the present work, for example, even at 400°K.the mobility
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" would be overbéO,QOO cm?/v.sec., and this mechanism can be ignored.
. '(2) Piezoelectric scattering

Assume '€s = 91 at approximately room temperature (Berlincourt

et al 1963)
4

;c:1£ 1;5'x 10 stat.coul./cmg (Berlincourt et al 1963)

Equation 2,23 would therefore reduce to

o4 -
VF fZ = 5.8 x‘106 T 2 cmg/v.sec.‘ ' : (7'2)

At 500°K this equation would lead to a mobility of oveftzoo,ooo cm?/v.aec.,
several orders of magnitude higher than values shoﬁn,in'figure 7.3 and

hénce this proéens can also be ignored.
(3) Neutral impurity scattering -
Simplification of equation 2,25 leads to -

1020
N

' n ﬁi = 2.7 x ' cm?/v.sec. o A (7.3)

It seems possible' that neutral impurities might therefore be a factor
determining thé_mobility. For example, it would only need approximately
100 p p.m..of some impurity to restrict the mobility to values below
270 cm. /v.eec. Because of the dlfficulty in obtaining a value for the
density of neutral impurities this equation is rather limited in use

but the'proceSS'might be quite an important limiting factor in some cases.

(4) Optical mode scattering
A value o£‘0-54,can be obtained for o« the poléron_coupling con-

stant from equation 2,22 using values of 5¢75 for € “(Aven, Marpie
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and ééga11:19655 and 9-0 for és'. The latter was obtained by interpola-
’ting oetween the room temperature result of 9-12 obteined oy Berlincourt

et al (1965) and a value of 8- 66 obtained at 4°K by Roberts and Marple |
(see M. Aven 1971). The tempera ture variation of €s mentioned by Aven

* (1971) has negligible effect over the range 100K to 300%. If 0-54

'-‘is'subStituted for a " in the equation proposed by Howarth ‘and Sondheimer

(equatlon 2. 22) and a value of 48 x 10 3/sec. is taken for w , the

folloW1ng simpllfied equation is obtained

}
=

H Oth = BQO‘PZ(exp z-1) 2 cm?/v.sec.' : (7.4)

nhere Z' = —ﬁézg = é%&,i<see for example Aven,-Mérple;and Segall 1961
for energy of L.0. phonon) If tne mobility is calcniated using this
equation the curve shown in figure 7.3 rising from 300 cm., /v sec. at 400 %
t0’1600 cm./v;sec.lat 140 K is obtained. Thie is in qurte good agreement
withpthe'experimentally obtained results. Optical‘mOQe ecattering also

eppeérs«to be the most important scattering mechanism above approximately

140% in all the samples heated in zinc (figure 7.1). ..

(5): Tonized impnrity ecatteriné

| Ae the curves in figure 7.3 demonstrate, the mooility variation
above 140 K can be explained on the basis of ecatterlng by Optlcal mode
'phonons. However, at lower temperatures some other. process appears to
" take over and ‘cause the mobility to fall quite rapidly with decreasing
temperature. This is the region in which ionized 1mpurity scattering
_would be expected to become dominant. If the relevant constants are sub-

stituted 1nto equatlon 2.24, the Brooks-Herring formula, the following

slmpllfled equatlon is obtained

o] SN
1
-

. 17 10 , 1 2
}JIj'= 6+1 x 10 % |19 ¢ 194 x 19,_-

-
5
~~
N
]
=]
U

(7.5)
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}'where n'is obtained as described in Chapter 2.

) It must be remembered that equations 7 1 to 7.5 give values for
the conductivity mobility H described in Chapter 2. When optical mode
phonon scattering ig. the 1imit1ng process, the scatterlng factor r = 1
and therefore the ‘Hall mobility Fg = Ko However; in the present
case the scattering factor r has a value of 2 and the mobility obtained
'from equation 7 5 must be multiplied by this factor to obtain the Hall
mcbillty shown 1n figure T7.3.

If values’ obtained for N, NA and n in crystal’j heated in zinc
1plus 25/ indium, are substituted. into equation T.5, the curve illustra-
ted in figure 7 3 is obtained. The centres are assumed to be singly .
| charged. This curve can be seen to provide quite good agreement above
h}O 'K but below this- temperature the equation appeared to break down due
to_a'rapid increase in the logarithmic term, since a rapid increase in
. mobilitvaasrpredicted. Even the simpler Conwell—Weisshopf equation,
~which does'not'take into account the screening of scattering centres
: bybthe carriers; broke down at a'similar temperature and there does not
appear to be a suitable equation for this low temperature region. Below
30 K the mobility fell much more rapidly ag the temperature was reduced
than would be expected from ionised impurity scattering. When the mo-
bility was plotted‘in the form log BV %, it was found that below approxi-
mately 50°k-theiplot was linear (figure 7.5). This variation can be
-represented by'an equation»of the form |

b= Aexp g e
where A and W are constants.

This type of behaviour is typical of a hopping process such as that
"“which oceurs: in non-metallic impurity band conduction. The term W re-

presents the energy barrier which the electrons must overcome in order
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' to hop from centre to centre. The gradient of the linear portion of
figure 7.5 1s equal to - % x 2-303, the latter factor introduced to con-
vert log 10 M to- log p This allowed a value of 0.007 eV to be ob=-
: tained for the barrier height. | ‘
It is therefore clear that the mobility of the sample heated in
A zinc plus 25% 1ndium, which can be considered 1dentica1 to a sample hea-
ted in zinc alone, can-be explained on a basis of optical phonon inter-
action aboye approximately_1500K and ionized,impuritylscattering from
about 30°K to 100°K.':The:intervening region from TOOQK to 150°K is ac-
‘counted_for~simply by a combination of the two scattering processes adding
in the manner_ e | . | |
1 1

oL - |
- . 7.7
H T Hopr N (7D

Below 30°K the mobility was limited by a hobping process associated with
a barrier height}of 0.007 eV. Such behaviour is tyjical of non;metallic
- impurity band conduction and is in agreement with the conclusions drawn
from the carrier density measurements.

The various samples whose mobilities are plotted in figure 7. 1
A'can be seen to behave very similarly to the 23% indium treated sample,
lthe mobility of'which is shown as a continuous lineiobtained from figure 7.3.
The results agree'quite well with the optical phonon scattering theory
“at high temperatnres but there is a considerable}spread'at lower tempera—'
tures, with the mobilities lying between 700 cm./v.sec. and 2000 cm./v.sec.
at 80°% K. This epread is almost certainly due to the different concen-
trations of_ionized impuri ty centres. In fact, if the_mobility predicted
by the Brook;;ﬁg;ring formila at 70°K is calculated for the green lumi-
nescent sample of boule 7 heated in zinc alone, a valme of 2000 cm?/v.sec.
is obtained."This is almost double the mobility of the crystal heated

in zinc plus’ZS%‘indium and is in good agreement with;the experimentally



:obgerved value;‘ The orange luminescent sample of crystal 7 after being
heated in zine, was ‘found to contain the same donor and acceptor densl-
"Aties as the green luminescent sample heated in zinc and hence the same

B ‘concentration-of-ionized 1mpurities at any'temperatﬁre. However,.the
maximnﬁ sobii;tj:tas a factor of 2 lower and it seems likely that neatral
'impurity scatta#iﬁg mey have been acting 28 a limiting ﬁrocess since |
esly'107p.p.m.vof_a neutral impurity would have proaﬁeed guch an effect.
The reasons.fer the lower-mobilities.of indium and galliam doped c:ystala

139 and 140 will be dealt with later.

(b) Doping during owth
| .'When'isdium'metal was intreduced into zinc selenide boules auring
growth the resulting boule was foundAto have a coﬁdactivity high enough-
te enable trasspo:t measurements to be made. For example, sample 3 of
boule 139 had a‘conduCtivity of 2.0 ohmf1cmf1 at rooﬁ temperature, which
fell te 0.17 ohm':1cm-.'1 at 70°K; This was in fact the most highly con-
ducting sample studied apart from samples teated in molten zinc. The
'second sample studied, number 4, had a room temperature eonductivityv'

of -0+1 ohm:1cm:1%which fell to 5 x 1074 ohm710m71-whep cooled to 70°K._
The amount ofiindium in boule 139 could not Be determined although atomic
absorption analysis showed it to be leas than 50. p.p.m. . Measurements
were made on two samples from boule 139 as stated and the results were
.found to be somewhat different. The variation of ca:rier density with
‘temperature of the two.samples-is shown in figure 7.6. ' There is a con-
siderable differesce between the values of carrier density of the two
_sa:npies, sa.mp:ie.:B having approximately three times -more free electrons ,
than sample 4} The plot of carrier density in sample 3 showd in figure 7.6
was modified_as_shown to allow for the variation in scattertsg factor
whilst that of sample 4 was multiplied by two,sinae ionized impurity

scattering appeared dominant over the whole range (figure 7.7). When
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" values were obtained

=119

the curves in figure 7.6 were analysed using equation 2,15, the following

- éample Z | ' . | o Sample 4

E; = 0.021 e7 o E = 0021 eV
’- . 1 . ’ : -. -
Ny = 546x 1o 6 en?> o Ny = t:24x 10'7 om?>
1 NA = .254:x 10 cm.3 N, =. 1.06 x 1017 cm-.'3

Some error maygbeppresent in these values because of the restricted tem-

'.perature'range over'which the measurements were made but the fact that

the values for D are the same seems promising. The. difference in donor

impurity density is only a factor of two and would correspond to indium
_concentratlons of roughly 5 p.p.m. and 10 p.p.m. These.values would tend

to agree with the atomic absorption analysis and the difference could

easily be the result of uneven distrlbution of 1ndium w1th1n the boule
during growth. ‘
Figure 7. 7 shows the mobility variation with temperature for the

two samples" and clearly there is -a difference between the scattering

| processes involved. The mobility of sample 3 behaved in a similar manner

to that of the crystals studied previously although the maximum mobility

of 750'is lower than that of the undoped zinc treated samples. The mo-

bility of sample 4 behaved in a completely different manner, ‘falling from
a room temperature value of 160 cm?/v.sec. to less than 15 cm?/v.sec.

at 70°K. These values are considerably smaller than previously reported

- mobility values in zinc selenide,

m_If the donor and acceptor impurity densities are substituted into

the Brooks-Herring equation values of 4200 cm?/v.sec.<and 1000 cm?/v.sec.

are obtained for the mobilities at 75°K of samples_3 and 4 respectively.

Although these values are greater than the experimentally observed values,
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the theoretical valus for the mobility of sample 4 is7considerably léss
than that'of 5 because‘of the higher degree of compensation and this is

in agreement to a certain extent with experiment. It seems 1likely, how-
ever, "that there is a further scattering process. present which is reducing
| 'the mobilities to these low values.' The only likely process is neutral
inmurity‘scattering. bince these crystals had not been heated in molten

zinc it is very likely that they should contain a considerable number

- of impurity atoms, including those such as carbon, silicon or oxygen which

~ could either have been present -in the starting materials, 1ncludinp the

indium, or introduced during growth. A total concwntration of only 100 P.p.M.

- 1mpurities would be gufficient to‘produce the sort of mobility seen in
A’sample 4. Such a concentration of the stated impurities, which would tend

to have . 1ittle eifect electrically, is not really excessive considering

k the source of silicon and oxygen with which the crystal is in contact
,lduring growth, and indeed of two boules analysed mass spectrographically,
}'one wag found to contain 200 p. p m. 8ilicon and the other 90 p. p m.

Neither carbon, nor oxygen could be measured by this method because of

(a) contamination from the graphite used. to bind the sample and so pre-

", vent it becoming charged, and (b) the unavoidable presence of oxygen

in the systen. Similarly, atomic absorption analysis was incapable of
measuring carbon and oxygen concentrations because of the nitrous oxide

' plus acetylene flame used to vapourize the samples, and "the minimum de-
 tectable silicon concentration was over 200 p.p.m. The two crystals re-
ported above therefore remain the only ones analysed for silicon and no
crystals were measured after they had been heated in zinc. A further
posSibility is that gome of the indium present in the boule was inter-
gstitial and that irrespective of whether the centres were charged or neu-

tral, the resultant gcattering may have been more than that from an equi-

valent number of‘substitutional ions.
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A second indium doped boule, numberpj52, grown in the presence
of 100 ‘P.p.m. indium, was also etudied. Atomic ebeorption analysis showed
that all the indium ‘had entered the boule but it was found to have a

1

lcw conductivity of 3 x 10° -4 ohm cm. at room temperature which fell

-6

» to approximately Tx 10 at 170 K and hence restricted measurements

to- within a 11mited temperature range. The room temperature value of

the carrier density was 4 x 10 4 3

when corrected for the ecattering
factor, con31derablyvlese than that of the previoue semple deepite.the

. higher{indium'GOntent; The carrier density fell offqrepidly with tem- |

'vperature as ehcwn.in figure 7.6. Since the saturation carrier deneity”
Nb'-'NA'COuldtnot"be'obtained, that is all the donorfleoels could nct,
be emptied, an.approximate value for the donor ionization energy was
'obteined by eeeuming the slope of the curve 1og nv %' to be equel to
Ed x 2 303. The value obtained wag 0.2 eV. Although there may be con-’

‘ giderable error in this value, it is obviouely different from that ob-
tained from meaeurements on boule 139. Attempts were mede to celculate
values for Ny andfnA using equation 2,15, but a elight vﬁriation.in Ej
produced a large variation in these parameters and nc reliable figures
could be obtained: A value could therefore not be obtained for the the-

. oretical mobility'aseociated with.ionized impurity eoettering.: However,
thezerperimentally observed values were extremely low,lfalling from
30 cm?/v.eec:.at 360°K to less than 20 cm?/v.sec..at‘juet helow room
tempereture. ‘This variation is again characteristic of ionized impuri ty
‘scattering although the value of:30 cm?/v.eec. is much too low to be
erplained ueing.the Brooks-Herring equation. Even 1@0 P.p.m. of active

indium, that is.1018 cmTB, almost completely compensated by 9 x 10 7

em>’
acceptore wouldvonly result in a mobility of 700'cm?/vaeec. at room
temperature, which is considerably greater than that observed. It there-
fore seems-ae if there is another major scattering procese present or

that the Brooks-Herring formula ceases to work under theee conditions
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't?of high doping levels and- high temperaturee. A similarfcalculation‘using
the Conwell-Weisekopi formula gives a value of around 1100 cm. /v.sec.

| From the results of the carrier density measurements on crystals
'139 and 152 1t appears that indium can form two donor levels, a shallow
one at 0-021 eV, ‘and a much deeper one at approximately 0+2 eV. .In the
case of the heavily dOped crystal a large number of compensating acceptor
levele could have been introduced with the indium thus emptying the shallow
: levels and allowing only t ne deeper level to play any part in the electri-
~cal properties. Thermal excitation of electrons from the deeper level
in crystal 139 would be negligible in comparison with the number of free
electrons excited from tne shallow level and hence the. influence of the
Ideeper level would not be expected to be seen. The deeper level, approxi-
mately 0. 2 eV below the conduction band could either be. associated with
some form of indium complex, perhaps involving a native defect, or it
could correspond to’the ionization energy of a second electron,from the
indium which could act as a double donor. The very-lowimobility cannot
be explained by ionized impurity scattering theories and there must either
be a high density of neutral impurities present or the scattering theories

" st break down under these conditions.

(e) Treatment in Zinc

Indium dOped boules were also 1nvestiTated after being heated in
molten zine. This had a profound effect on the physical appearance as
-well as the électrical properties. The crystals which'were originally
a transparent brown in colour became either darkened, in the case of boule
139, or completely blackened in the case of crystals containing larger
quantities of indium. A Hall sample after such treatment‘is shown in |
figure 7.8. Tbis can be compared with the as grownvsample shown in figure 4.5.
When elices of the blackened eample were studied using a transmission

optical microscOpe dark preclpitates .could be seen. 1hese were assumed
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to be_indium netal and this precipitation of the dopant as o second phase

- was in aéreementhwith the-results reported previoUsly'during the lumine-
scence studiesL> This behaviour is also similar to that seen when crystals
of zinc selenide grown from indium and gallium solution were treated in mol- .
ten zinc, although 1o details of the precipitates themselves were. given

: _(Wagner and Lorenz 1966). More will be said about- the nature of the pre-
cipitates in the next section. | .

The electrical properties of crystal 139 after it'had been heated
in sinc were found to be very similar to those of the undoped crystals
heated-in zinc as is shown in figure 7.1 and figure 7 2. The conductivity
was incrcased by a factor of two due to an increase in both mobility and
" carrier density and the slopes of the curves shown in figure 7.2 seem -
to suggest that the ‘donor level involved is the same as that present in
the undoped zinc treated crystals, that is the level with an ionization
energy of O 012 eV. It thus appears that, as in the: luminescence measure-
ments, the effects of the indium are completely removed due to the pre-
cipitation, A}sample doped with'100 PePells indium, number 150, was also
" heated in zinc. A plot of log n v % was again found ‘to. be similar to
that of crystal 139 heated in zinc with a room temperature carrier density'
of 10 7 3 although the maximum mobility was only 820 cm./v.sec. A
possible~explanation for this lower mobility ig a combination of optical

phonon and ionized impurity scattering as before, plus some effect from

the indium precipitate._

| It therefore seems that although the carrier density of indium doped
samples 1is. increased by heating in zinc, this is solely a result of the
precipitation of the indium as a second phage and the introduction of
| the shallow O- 012 eV donor level as seen in undoped material. The mobility
 increase is probably due to a combination of the removal of neutral im-
.purities and ionized impurities consisting of indium donors and compen=
sating acceptors, although the indium. precipitate when dense did seen.

' to cause some’scattering.
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7.4  GALLIUM DOPED MATERIAL

(a) - quing:duringpgrowth

- Twe gallium doped}boules were investigated, number 140 containing
1000 b‘p.m. galiium and 188 containing 100 p.p.m. Room‘temperature con-

ductivitiee were approximately 5 x 10~ -3 ohm. cm.1 falling to around

2 x 1070 ohn™ cm.1

at 150 K. This again restricted measurements to a
- narrow temperature range. These low values of eonductivity agree with
the report by Wagner and Lorenz (1966) that zinc eelenide'containiné
5x 101? cmf3 gallium‘atome had a resistivity of 300 onm{cm. at room
temperature andeled to their conclusion_that the materiai was highly com-
peneated. '.iij ' ‘ o ' .'_ .

The variation of carrier density with temperature is shown in figure 7 9
Since once again the carrier density did not saturate at high temperatures
and hence a value of ND - NA could not be ‘obtained, an estimate of the
donor ionization energy was obtained from the slope of the curves ‘in fi-
gure 7.9. Values. for the donor ionization energy of - samplee 3-and 4 of |
boule 140 and a sample from boule 188 were-0-13 ev, _-065 eV and 0:07 eV
reepectively. As for the indium doped samples, the crystal containing
}the least amount of 1mpurity, that is 188, posseseed the higheet carrier
density which was 4 x 10 5 o3 at room temperature when a scattering .
factor of 2 was assumed. This is probably the result of lower compensa-
tion in the more lightly doped eample. The mobilities‘of;all theAeampies
were very low and fell very rapidly with decreasing temperature (figure 7.10).
The room temperature values were all below 100 em?/v;seet and that of
sample 4 fellite»below 2 em?/v.sec. at 150°K. Once again this tempera-
‘ture dependence; approximateiy a T4 variation, and the very low values
of the mobility eannot be explained simply on a basiebof ionized impurity

scattering unless the formulae are incorrect and some other scattering

process such aspneutral impurity scattering must be present. The mobility
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"The moetdiikely reaeoncfor the precipitation ofﬂthe'metal would“

be tc.maintain.charge.neutrality.when.acceptor impurities were leached
out into'the zinc.v Alternativei& the cinc'may ainply.heve displaced the
' group III atoms from the zinc sites, although thigxfeeme lese likely,

'eince the zinc would need to diffuse completely into the cryetal removing‘
' zine vecenciesvae.well as displacing the indium or gallium,.and this would
dnot seen to agree with the_conciusion fromithe.luninescence studiee that
the S. A"emieeicnxie eesociated with zinc vacancies. lFurther work, eepeci-

ally on sin 1e crystals aligned in known directions is necessary to under-

‘etend the reasons,behind the various precipitate shapes.

!

7.5 . ALUMINIUM DOFED MATERIAL

'Ae grown:eluminium doped zinc selenide uas found;fin general, to
have a very low3conductivity, of the order of 10710 chm71cm:1-which pre-
Yented any treneport measuremente being mede. Even the higher conducti-
vityfmaterial which was used for luminescent measuremente; of which only
_small samples were available, had a dark conductivity of 2 x 107 6 ohm:tem:!
at room temperature and was unsuitable. A sample of boule 153 which
was grown in the presence of 1000 P.p.m. aluminium plus 100 pep.m. man-
ganese selenide was studied after it had been heated in molten zine in |
order to reduce its resistiv1ty - The manganese selenide can be considered
to have had no effect on the'properties of the boule-(see Chapter 6).

The room temperature conductivity was increased to'1-2-ohin'.'1cm:1 after
the treatment but the properties appeared to be dominated'by the shallow
donor. level anprcximately 0-012 eV .below the conducticn band, as in the

. case of the indium -and gallium doped samples (figure 7. 2) Since no pre-
cipitate was v1sib1e it seems probable that the aluminium was leached out_
of the sample into solution in the zinc.

An'aluminium doped sample was brepared, however,'bylheating a plece

of boule 171 for a week at 850% in a melt of zinc plus 10% mole aluminium.
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This treatment was carried out in the same tube as the'sanple uséd for
the.luminescence measurements. This aluminium doped sample was found to

have a conduct1v1ty of 2.7 ohm.1cm.1 at room temperature which fell to

5‘-approximately O-4~ohm. cm.1 at 70 k. This high conductivity was mainly

the result of a high carrier den31ty of 1:2 x 1018 cmTB. -This value was
obtained by assuming that ionized impurity scattering was dominant and
that the scattering factor was equal to 2. The temperature variation of
the-carrier density was very interesting, since it remained constant dovm
to at 1east 70 K (figure 7 19). "This would suggest a.value of zero for
.the donor ionization energy. This behaviour is- tjplcal of crystals with
a very high conoentration of carriers, The value of.carrier density above
which zinc selenide can be considered degenerate is approximately.101§.cm73.
At this concentration.the energj level produced by{the:donor impurity

can be considered to have broadened into a band due to}the overlap of

the wavevfunctionsvof the donor electrons and have in fact merged with

tbe conductionzband This behaviour is known as metallic impurity band.
-conduction (Mott and Twose 1961), and is not the same" process as that
Wthh was observed at very low temperatures in the undoped zinc selenide
(section 7 3a) In this process. charge transport occurs by normal con-
ductlon methods w1th1n the 1mpur1ty band not a hOpping mechanism The
mobility of the samples was again fairly low and fell from a value of
about 30 cm./v.sec; to 4 cm./v.sec. at about 70%k (figure 7.20). A mo-

bility of 30 cm, /v.sec. at room temperature would be produced, according

.

to the Brooks-Herring equation, by a density of 5 x 10° 9 donor cen-
‘tres almost completely compensated_by 4.8 x 10 19 acceptor centres. This
'concentration'oi impurities, about 5000 p.p.m., is not ercessive considering
the high concentration of aluminium in which the crystal was heated and

the degenerate behav1our observed. Values could not be calculated at

low temperatures because of the breakdown of the BrooksaHerring equation

although the experimentally observed mobility varied~approximately as
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afl3/2 power as would be expected if ionized impurity scattering were

dominant The behav1our of this aluminium doped crystal is the' same as
hjthat seen by Aven and Segall (1963) who also found the carrier density
hto be 1ndependent of temperature although the mobility they reported was

16 3

that of a much more lightly dOped sample containing only 10 car-
:criers and wasg very similar to that‘of undoped zinc treated material With

a maximum- of 700 cm.. /v.sec. at 100°K.

1.6 CHLORINE DOPED MATERIAL

: Boule 123, which appeared from luminescence measurements to contain
very llttle chlorlne, was the only chlorine doped crystal studied, as
it was avallable in large enough pieces for Hall samples and vas of fairly
low resistance. Two samples from the boule were studied. At room tem-
perature the conduct1v1ty of sample 2 was found to be.3-x 10 -4 ohm.1cm. -1
and this fell to 10 -5 ohm, cm.1 when cooled to around 190 K. The room
temperature carrier density was approx1mately 10 14 :? and from figure 7.21
a value of O- 33 ev was obtained for the donor ionization energy. No cor-
"rectione have been made for the scattering factor r, slnce the scattering
processes are.notaclear. The behav1our of the sample was strange since
‘below ésdok the'carrier density appeared to rise. This~behaviour also
occurred when the crystal was measured under illumination. The carrier
' density was over an order of magnitude higher but again began to rise on
-3

cooling below 250 K and saturated at approximately 2 x 10 14 cm.” at lower

'temperatures; ;The resistivity of'sample 3 in the dark was several orders
of magnitude‘higher than that of sample 2 and hence'measurements were
only possible under 111umination.~ However, the carrier density behaved
1dentically to that of sample 2 upon cooling, reaching a minimum at about
.the same temperature and remaining constant at about 2 x 1014 .3 at

low temperatures'(figure 7.21). This would tend to'suggest that the be-

haviour is a function of the chlorine impurity and not some form of con-

tact behav1our, for example. The mobility variation in sample 2 (figure 7.22)
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: is,interesting”since };.falls from 150 cm?/vlsec. at:room temperature
i:tor60~cm?/v;sec;:at.about 200°K,ibut then beéins to rise again asvthe
temperature 15: redu'ced below 250°K. * Under ‘illumination‘the mobility of
' sample 2 rose to a maximum of 350 cm./v sec, at about 200 °% and then ap- -
peared to approach a: constant value of about 200 cm. /v.sec. on cooling
':further. The mobility of sample 3 under illumination was approximately
an order of magnitude lower (figure 7.22). When cooled below room tem-
.pera‘ture the mobility fell gradually, but below appro'ximately 160°K it
rogse from aboutte'cmg/v.sec. to 25 cmg/v.sec.: The behaviour of the carrier
density and mobility suggests that some other conduction process may ocecur
below approximately 200 %%. This may be related in some way to the high
density of compensated donors present, although the actual reason is un-
’clear. ‘Unce aéain there is no clear reason for the low mobility of sample 3y
gince it is too low to be accounted for by ionized impurity scattering
and mechanisms similar'to those seen in the gallium and indium doped crys-
tals must be present. _ 1 e

| When a sample of boule 123 was studied after it had been heated in
zinc, the results were once again unclear. The carrier density at room
Atemperature was 3 x 10 i cm.3 and this appeared to decrease upon cooling
as if the same shallow donor level encountered in all previous zinc treated
samples was once again present (figure 7.2). It was shown-in Chapter 5
that chlorine is not removed from a crystal subjected to a zinc extrac-
tion and hence the 1eve1 0+33 eV below the conduction~band mist still A
-have been present;- However, the number of'electrons:ionized from this
level would be-negligible in comparison with those from the shallow level
and hence only: the shallow level would appear to have any effect. The
mobility of the sample was extremely low, in the region of 2 to 3 cm./v.sec.
and remained constant down to 85°K. This behaviour once again cannot

' be explained although the high density of donor centres may be relevant.
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7.7 SUMEARY -

-(a) :“ihe crystals.heated in molten zinc had propertiesssimilar to those
of crystals studied hv the'majority of previbus workers'(see Chapter 2).
: That is,. the mobility was limited by optical phonon interaction at tem-
' peratures greater ‘than about 100° K, leading to a room temperature value
of 400.cm./v.sec. Below 100°k ionized impurity scattering caused the
tmobility to decrease. The mobility in this temperature'region has received
:_‘very little attention from other workers and no satisfactory explanations ,
have been given;l The mobility below 100°K varies much more rapidly than
. T3/2 which would be expected if ionized impurity scattering were active
 over the whole range, although the Brooks—Herring equation predicts the
' mobility down to about 40 %. Below this temperature-the:mobility falls
: exponentially.and~1s limited by a hopping.process associated with a non-
metallic impurity band type of conduction. -

A value of 0-012 eV was obtained for the 1on1zation energy of the
donor.level-involved. Although this is less than the depth of a hydro-
genic donor (apprOx. 0-03 eV) it is similar to previously reported values
even though most workers do not take into account the scattering factor.
A degree of impurity banding is almost certainly responsible for the small
value of the donor energy and in fact the isolated level ‘would appear to
be simple hydrogen-like. In the discussion of luminescence it appeared
that the S Y. emission was associated with donor impurities remaining after
the zinc extraction and forming deep donor levels approximately 0.3 eV
below the conduction band, perhaps associated with agcomplex centre.
Two. levels are'therefore involved, and the shallowtlevel.revealed by mea-—
surements of the Hall coefficient could be the hydrogenic level of the
same unremoved‘impurity. This mould agree with the results of Smith (1969)
concerning lom‘resistance crystals treated in zinec. 1The_chlorine might

also be acting ag a double donor with two electrons capable of being ionized.
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The shallow level would agaln be hydrogen- like whilst the deeper level
4'would correspond to 1on1zation of the second electron. Present samples
fwere found to be highly compensated with average values of 10 17 mfj and

:8 X 1016 3 for the donor and acceptor concentrations. This high degree
'lof compensation led to fairly low maximum mobilities in the region of
”'2000 cm./v.sec,‘ Crystals containing indium or gallium;lafter being heated
in zinc, behaved_identically to nndOped,,zinc treated'crystals as regardsT
‘the magnitudes of;the donor enerwies and'mobilities. The metal dopar.t

llwas apparently completely precipitated and tended to decorate what were
_~probably crystalline imperfections. The electrlcal properties thus appeared

.:to be controlled by the same ‘donor level as in the’ nominally undOped

icrystals.' :

(b)lp'Before they_nere heated in zinc, the crystals containing indium
or gallium possessed very low mobilities, sometimes-as low as 20 cm2/v sec.
~ This behaviour is very difficult to explain on the basis of fonized im-
.'purity scattering as described by the Brooks-Herring equation and this _
1equation may not_be valid‘at the high impurity concentrations and high
temperatures‘in#olved; Alternatlvely some other scatterlng rrocess,. per-
~ haps due to neutral 1mpur1ties leached out in the zine treatment, may -
.be present.. | -
"There appeared.to be donor levels in two distinct regions. The two
.lightly:indium'doped samples gave'talues of 04021 eV for the donor depth
whereas the moreaheavily doped samples gave values ranging from 0065 eV
to 0-13 eV for gallium impurities and 0.2 eV for indium. The effect of
’llght on the galllum doped samples was to increase both the mobility and
carrier density considerably, and this behaviour was very similar to that
reported by Lorenz'et al (1963) and Woodbury and Aven (1964). They found
that chlorine doping tended to favour the production:of the deeper of

two levels and explained a level O:1 eV below the conduction band on a




basis of. a doubly nenatively charged level of a native acceptor together
with a 01lor1ne 1on, knovm as a Vx centre. The deeper level found in ‘the
indium and . gallium doped samples may well have been analogous to this level
'r‘althoush a double donor model for the indium and gallium would also explain

, the two levels. The centre responsible for the 0027 level may have

 been’ the hydrogenic level a55001ated with substitutional indium in addi-

’4tion to the level associated w1th the residual impurities as in the undoped
. zinc selenide.: It,seems 11kely that the two levels were present in both .
the indium doped boules but that the additional 1ndium led to the produc-
tion of extra compensating acceptor centres which then emptied the shallow

.donor levels. o

(c)v: Aluminium was ‘the only vroup III element which could be introduced

from a zinc melt. This was fortunate since as- grown aluminium doped sam-

ples had very high resistivities and were unsuitable for transport mea-
surements. The crystal doped from a zinc solution was found to be degen—
erate with a oarrier density of 1:2 x 101-8 em? and a’ mobility of 30 cm. /v.sec.
B atvroom temperature; The degeneracy was probably the result of considerable
impurity banding of the hydrogenic level. The mobility'appeared to be

limited by ionized 1mpurity gcattering and fell to a value of 4 cm. /v sec.

at 80°K. These results are similar to. those of Aven and Segall (1963)

although they vave no mobility values for their highly d0ped sample.

,(d)i Theubehaviour of chlorine doped‘zinc selenide was very unusual and
oannot_be satisfactorily explained. From approiimately 400°k down to
250°Klthe carriers appeared to be;excited from a donor level about 0:3 eV
'bubelow the conduction band. This is of the same order'as the depth of the
bromine level below the conduction band reported by Bube and Lind (1958)
from the temperature variation of the dark conduct1v1ty, and probably
corresponds to the level involved in the S.A. emisaion :and discussed

in section 7.7a. The mobility was once again fairly lou with an average
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'value of 150 cm /v.sec. in this temperature range. Below32500KVthe beha-
it'viour altered completely and the reason for the increasge. in mobility and
| carrier density with decreasing temperature is unkncwn.7 Although some
jform of thermal quenchinv may have been responsible for the variation
'observed under 111uminat10n, this would not account for the behaviour
*in the dark..a:a' |
The electrical propertie° of chlorine doped zinc selenide ‘heated
‘in zine were also dominated by a shallow donor level similar to that at
40 012 eV in the other zinc treated crystals., However the carrier density -
ijas conSideraoly higher with a room temperature value of 3x 1017Acm.§.
., The ehallow level is probably thevhydrogenic donor level.associated with
chlorine_vhich;:as:the luminescence-studies'show, miéht'vell be the im-
purity'nresent:iniundoped-material after zinc extractione. This would
i imply that'chlorine is responeible'for the S.A. eniseiontas well as the
low resistivity which results from the zinc treatment. .The value of donoxr
B ionization energy differs ‘from that found by Aven and Segall (1963) who
iobtained a value of 0 +19 eV.in similar material, but agreee with measure-
ments by Lorenz et al (1963) and: Woodbury and Aven (1964) The material
:.studied by Aven and Segall might well have been more highly compensated,
with the shallow donor level suostantlally empty However, the value
- of the mobility . obtained from the present work was extremely low and is
| difficult to ‘exp_la_in, although_ it may have been aseocia'ted with the high
vcarrier'deneity,iwhichtalmoet certainly.produced considerable impurity

banding.
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CHAPTER 8

CONCLUSIONS

8.1 SIMMARY OF RESULTS

. The main aim of the .research reported in this-tnecic was to inves-
"tigqte zinc séienide grown in this department with spacial reference to
'obtéining a materiél for use in fabricating electroluminescent diodes.

Various ﬁossible ways of introducing manganese Mcfe'studied and
it appeared tnat the two techniéues which allowed manganese to be incor-
porated in uséfﬁliémounts were (1) vapour phase transport in the presence
'of‘manganesé chlofide and (2) chemical transport using iodine vapour
1n the presence of manganese metal. The latter method rcsulted in the
'°_better quallty crystals with higher possible manganese concentratlons
"but ~only small'boules could be produced. The vapour: phase transport method
'however, enabled fairly large boules to be grown.

“The emisgion band associated with manganese ions in zinc selenide,
altnough maskcd.by other impurity bands, was unambignously identified as
lying at 5910;E:ct room temperature. On cooling'to 85% it shifted to
5870“8 and wacfreduced in width from 0-20 cV to 0-13:cY., This is much
' narrowef than,moét other emission bands which were observed. From the
halfnidth variation with temperature it was deduced that longitudinal
optical phonons were responsible for the main 1att1ce interaction with
‘the manganese ion. The excitation processes were shown to occur within
the manganesé.ion itself oince transitions between the_6A1 ground state

and the three.higher energy levels could be observed 'in the green region
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of'the~excitation'spectrum and thus no'resonance transfer, for example,
- was present | o B
When manganese doped zinc selenide was heated in molten zinc in -
- order to reduce 1ts resistiV1ty for the production of electroluminescent
A'diodes, the photoluminescence associated with the manganese disappeared.
The manganese was not removed from the boule or precipitated as a second
,phase, and the most plausible explanation seems to be. that the high density.
:pof free electrons allows Auger de—excitation of the manganese ion in pre-
ference to. photonﬁemission. .HoweVer iteappears that photon emission still
‘occurs in electroluminescent ledeS, since the concentration of electrons
" near the contact is 80 low in the depletion region that the Auger process
_fortunately does ‘not occur (Allen et al 1973). | '

' It is therefore clear that the emission associated with manganese
- is fairly ‘well understood and good quality zinc selenide containing high
.V concentrations of manganese can now be produced quite easily.

After zine selenide was heated in zinc, the only emission band which
4was then visible was the S.A. band. When the group VII elements, chlorine
and iodine, were present the emission at 85 %k consisted of a broad band
.at.6150rx which.shifted'to 6050 R on heating to room temperature. The
hali‘width of -th-is ‘band at room temperature was '0+40 ev~.:’ When the group IIT
element aluminium was. present as coactivator the band was found to be
displaced to longer wavelengths bJ approximately 200 X in a similar manner
to the S.A. emlseion from zinc sulphide. Indium appeared ‘to act in the
.same way as aluminium. Undoped crystals behaved similarly to material
containing group{?II atoms, after zinc extraction,and‘itqis reasonable
to assume that small quantities of residual impuritieslof group VII ele-
ments,-probably'chlorine, are responsible for the emission. The presence
of residual donor-impurities was also suggzested by Smith (1969) who attri-
buted the lomiresistivity of zinc treated material to the presence of donor

impurities left-in the crystal. A pair recombination model has been assumed
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for the.StA emission, recombination oceurring between a‘donor level in
the reglon of 0 3 eV below the conduction band and a zinc _vacancy approxi—
:mately 0-4 eV above the valence band. The O ‘3 eV level may be related
:u to the deeper. donor level revealed by Hall effect measurements and may
" be the result ofreither a donor_complex or the doublxpionized state of the
donor atom. - |

The S.A.,emissdon band was‘observed in some zinctseienide samples
prior to ainc eitraction although this treatment did heip to enhance the
' resoiution ofithe band.A Thisvwas probablyibecause the number of zinc
_ vadancies was-increased slightly on removal of the copper impurity. The
‘major factor,[houever; was the removal of the red emission band which
lay at 6400 £ at-BSOK and tended to swamp the S.A. bAnd;~ The long wave-
length red band could be produced by heating zinc selenlde in melts of
| _zine plus copper and also by heating in selenium. It was obgerved in almost
every crystal;and'was excited preferentially by 5300 X»light. The emission
was attributed totthe presence of substitutional copper.which may have
been 1ntroduced from a varlety of sources such as the starting materlals
 or from the sllica-ware durlng growth. Thermal quenchlng was not apparent
:vuntil the temperature reached 500 K. In'consequence_the copper red band
tended to domrnate the emission spectra of most crystais at and above
‘room temperature'when 3650 E'excitation was employed. The luminescence
_vmechanism would;seem to be of the Schon-Klasens type although pair recom-
hbination can nothbe ruled out. | o '

It is not possible to offer an explanation for many of the emission
bands which lay in the green region of the spectrum, ‘for example those
: observed in undoped zinc selenide, and it proved difficult to distinguish
between those assoclated with natlve defects and those ‘caused by impuri-
tles.

A.major problem encountered-when constructing an energy level diagram

for a particular luminescent process in this material is the difficulty
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) lin~obtaining anhaecnrate value for thebenergy gap. This is complicated
: by the fact that the peak in the excitation spectrum corresponding to
bandgap excitation is often displaced by contributionn from surface effects
(Gergely 1963) and this also causes difficulties in distinguishing bandgap
‘transitions fromuthose involving shallow donors. There is also' a problem
i ofddeciding whether to take theftransition energy as corresponding to. the
marimum of'anfenission or excitation-band or whether to consider the energp.
of'the threshold;~;In_a11 cases the band maximum wasgchosen although
__this may have ledato errors especially where the conduction or valence
. band was "involw_red-‘,in transitions.
'-The mos t satisfabtory means:by which low resistivity zinc selenide
vnas produced was to subject undoped material to thezzinc ertraction pro-
Cess; This resulted in-crystals with conductivities in the region of
1.ohm.cn. whichlis very satisfactory for the produétion ofAlight emitting
‘ diodes. The low re51stance results from shallow donors with a level ap- ;
vproximately 0. 012 eV below the conduction band. In untreated zinc selenide'
- this level would have been present but emptied by compensating acceptors.
' The zinc treatment simply removes some of the acceptor centres although
‘the material renains fairly well compensated. The Q-O12 eV level is pro-
bably also associated with residual impurities as suggested by Smith (1969)
and is probablyfa.simple hydrogenic donor level.' Purther support for this
assumption is the‘value of around 0-027 eV obtained optically by Merz
et al (1972) for the ionization energies of various substitutional donors
such as the halogens and group IlI elements. The lower energy obtained
in present resnlts is probably the result of impurity banding of the donor
level, : ‘p i
When zinctselenide was grown with donor impurities added deliberately
the conductirityiwas found to be lower than that of material simply-heated
in zine although?much higher than that of as-grown undoped crystals.

Impurities, especially when introduced in high concentrations encouraged
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the'introduotibniof conpeneating levels, as demonstrated.by luminescence'
etudiee;_and these asain,compenaated the shallow donor'levele. Levels
in the region of'O.Z eV below the conduction band were found in such
’uaterial and these may have been assoclated with the Vx donor complex or

the double donor nature of the impurities, and are probably involved in

L the S A. enisaion proceeeee. ‘Although heating cryatala in zinc plul

aluminium reeulted in a higher donor density than heating in zinc alone,
in fact the material became degenerate while the nobility was reduced s0
.that the reaulting conductivity was almoet identical. Attenpte to remove
| conpenaating centrea from indium and gallium doped material by zinc treat-
Anente-uere unsuccessful becauae of the precipitation'of the dopant as
. a eecond phase. | 4 | . -
" The nobility of samples heated in zinc was clearly limited by thres
proceeeee., At tenperatures greater than about 100° K, optieal phonon
| .interaction appeared to be dominant. The room tenperature nobility vas
.approxinately hOO ca./v.eec. Below 100 K ecattering by ienized impurities
-became more inportant and the mobility began to fall as the temperature
.vaa'reduced further. The maximum mobility wae.within the range 1000 to
2060 cﬂ%/r.aec. Below 50 K the conduction mechanism changed to a hopping
proceae involving compenaated donor centree and the’ nobility began to
decrease exponentially with reduction in temperature. Before crystals
were heated in zinc their mobilities were very low. No explanation of

this reault has been found.

8.2 rurvRs wom |

| _ In order’ to ‘understand the mechaniene involved in the luminescent
proceeeee. eeveral-additional techniquee would be of uee. In ‘order to
identify definitely pair récombination processes such as the S A, emission
and to clarify the_copper red emission, time resolved epectroscopy would

" be invaluable;_ln-pair recombination process is recognised by a wavelength

r
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fymsniftiof'the,enission band with time after the excitatiOnlpulse. If the

photooonducti?e}and luminescent excitation spectra oi samples were obtained

simultaneously this would also help'to identify pairVrecombination and

" localised transitiOns. Chopped-excitation, such as:tnat used when studying

the manganese d0ped samples, should enable the photoconductive response

'to be obtained even for reasonably low resistivity material.
'Infra-red'quenching of the various luminescent emission processes

would enable the optical depths of the luminescent centres to be obtained

very accurately and at fixed temperatures as opposed to the method of

thermal quencning. Thermal quenching is fairly .1naccurate, gives the

thermal as Opposed to optical depth and is an average value over a range

of temperatures. The Barr and Stroud monochromator could easily be used

for such a purpose‘if a different prisn material, for example godium chlo-

ride, were substituted and interference filters were used to excite and

" _monitor the emission of interest.

Although the manganese emission has been fairly well understood-it
'vmight be of 1nterest to carry out excitation and emission spectra measure-
ments down to 4 K 'in order to resolve the phonon structure. Electron spin
:.resonance measurements perhaps under photoexcitation night also prov1de
.,further 1nformat10n concerning the ionic transitions.

With the Hall effect measurements, the energies of the deeper levels
obsexrved in the doped crystals prior to zinc treatment could be obtained A
: nuch_more accurately if measurements were extended to-lower tempera tures.
This would involve much more sensitive measurement techniques since the
resistivity increases considerably at low temperatures and perhaps an
A.C. method 1nvolving phase sensitive detection would be more suitable.
Use of single crystal samples and boules prepared from zinc selenide pro-
duced from semiconductor grade elements might lead to a better understanding
of some of the phenomena observed. |

In all'the_work carried out on zinc selenide, the results would



-142- -

- upgbdbtediy_bé‘mﬁeh more readily understood if a sensiti§e>meéne of aﬁa—
lysing the s torial chemically were available. Although mass spectro-
gﬁaphic anaiysié would be more_;gnsitive than the atomic absorption tech-
nique uSed4duiing-part of this work, neutron activati§g analysis would

: aépeé? to.béftﬁe ideél means by=ﬁhich the presence or absence of Iow.im-
purify qoncenfrafions 6f suéh_as-copper and chlorine and their effects
éouid finally.beAYerified. Such an analytical technique;would asgist the
- unaergtanding,bfithe pfopertieé of zinc seleﬁide ﬁuéﬁ moie than all the

préVious'auggéstions_in this section.
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