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ABSTRACT

The Stokes (U.V.) and anti-Stokes (A.S.) photo-excited emissions
of large, doped and undoped CdS single crystals, grown under controlled
partial pressures of cadmium and sulphur, at liquid helium
temperatures were examined to establish a correlation between the
crystal growth conditions and the spectral @istribution of the green
edge and exciton émissions. Anti-Stokes excitation spectra were also
obtained.

Two longitudinal optical phonon assisted series constituted the
green emission. The "high energy series" (H.E.S.) was attributed to
the recombination of free electrons with holes 5ound to acceptors
some 0,17eV above the valence band, the "low energy series" (L.E.S.)
to a distant-pair recombination process involving electrons bound
to donors some 0.03eV below the conduction band and holes bound to the
same acceptor., The mean separation between the donors and acceptors
was about 100 &, Only the L.E.S. was observed in A.S. excited green
emission.

The I1 and 12 bound excitons which dominated the blue emissions
are associated with exciton recombination at néutral acceptors and
neutral donors respectively, I; emissidn, associated with excitons
bound to neutral donors lposing some of their recombination energy in
raising the donor electron to an excited state of the donor, was
observed and used to evaluate a donor ionisation energy of 0.026eV,
Blue emission was excited by A.S. radiétion in se%eral crystals and
ascribed tentatively to Ig emission.

A model is developed to explain the variation of the emission
characteristics with crystal growth conditions. A cadmium vacancy-
.donor impurity complex is suggested as the acceptor involved in the

green and I1 exciton emissions, with the hole in an excited state of



the complex, and as the centre through which the two-step A.S. excitation
‘process proceeds. Sulphur vacancy-acceptor impurity complexes and
donor impurities are suggested to explain the donors associated with

the L.E.S. and 12 emissions,
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CHAPTER 1

FROPERTIES OF CADMIUM SULPHIDE

1.1 Introduction

Cadmium sulphide is a II4VI compound which normally crystallises

in the wurtzite structure. The lattice of wurtzite crystals coﬂsists

of two interpenetrating hexagonally packed lattices, one containing the
anions (S ), and the other the cations (Cd*"). The interatomic,
distance between the cadmium ion and its four tetrahedrally arranged
neerest sulphur neighbour ions is 2.52 4. The lattice parameters are
a=l.1368 & end ¢=6.7163 4(1). CdS is also found in the cubic, zincblende
phase, but it is not so common (2).

The investigation of the exciton spectra of C4S by Thomas and
Hopfield (3, 4) established that the extrema of the principsl band edges
were at the same poiﬁt, k=0, in the Brillouin zone. The generally accepted
values for the forbidden energy gap at temperatures of 300°K (room), 77°K
(1iguid nitrogen) and 4.2°K (liquid helium) are Z.43, 2.52 and 2.582 eV
respectively (3, 5).

In its intrinsic form, pure stoichiometric cadmium sulphide is an
insulator at room temperature, with resistivities greater than 10'° ohm. cm.
However, native lattice defects and foreign impurity atoms gregtly affect
the electrical and optical properties of the material. The foras that

these imperfections take, and their influence on some of the properties,
and is
is discussed belowL?ollowed by an account of the evaluation of the band

structure. This is focllowed by a2 summary of the principal properties

ies {with the

gxception of fluorirzwhich wend: o form coi lewus vith other chemical
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impurities ;?:native defects) into high resistivity n-type Cd4S
produces low resistivity n-type material (6). Shallow donor levels
some 0.03eV below the conduction band are formed when these
impurities substitute for sulphur atoms. Group IIIb (In, Ga, Al)
impurities substitute for cadwmium atoms producing similar donor
levels which are generélly accompanied_by compepsating acceptor
levels (7). Shallow donor levels may be found in CdS due to a
de.ficiency of sulphur, which results either in the-formation of cadmium
interstials or sulphur vacancies. Group Ib, (Cd, Ag, Au) and group Vb
impurities form acceptor levels about one electron volt above_the valenpg
band (8). Cadmium vacancies will produce similar levels. The c&ncen-
tration of donors is generally greater than that of acceptors, and
"since the ho;es cannof be thermally ionised from thsse deep acceptors
at room temperatures, p-type CdS cannot be produced. Woods and
Champion (9) demonstrated p~-type conduction in highly copper doped CdS,
however this was probably due to conduction in an impurity band.

The effect of imperfections on the optical and electronic
properties of CdS may be summarised as follows.
(1) Levels within the band gap may provide alternative radiative
recombination paths and cenires for free electronies and holes, other

than free exciton recombination. The resulting "edge emission" and

"inf'ra-red emission" of CdS will be discussed in Chapler two and section.

1.5.1.

(2) Optical absorption attributable to donor-acceptor-associates is
introduced (10), and will be discussed in Section 1.5.1. |

(3) Since cadmium sulphide is generally n-type, donors will increasej
and accertors decrease the dark conductivity.

(4) Free carriers vhich have been creatgd by photons with less than

band gep energy via imperfection levels lead to the photoconductive
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response being extended to the long wavelength side of the absorption
edge. Alternatively, the electrons and holes may recombine produciﬁg
"Anti-Stokes" luminescence, which will be discussed in Chapter two. '
(5) The imperfections which ect as recombination centres reduce the
photoconductive. efficiency, whereas those centres that have a large
cross section for capture of photo-excited holes but-a sinall one for
the capture of electrons after capturing the holes, may increase the o
sensitivity by increasing the free electron lifetime.
(6) Imperfections may trap free carriers for a time before they can o ¥
be thermelly freed. Thus they efféctively reduce the carrier mobi}ity, :
and the speed of response of the photoconductivity is reduced.

L}

1.3 Band Structure of Cd4S

The conduction band of cadmium sulphide may be considered to . t
originate from the 5s ;tomic levels of the cadmium ions and the
valence band from the 3p atomic levels of the suléhur ions. Utilising
the siﬁilarities of the crystallographic lattices and the iso-electronic
nuture of many of the zaterials, Herman (11) developed a semi-
empirical msthod of deducing the band structure.of zinc-blende
materiels from thqse of the diamond type materials, germanium and
silicon. . Birman (12) noticed that in a dirsction parallel to the c-axis,
the electronic states of the wurtzite lattice may be considered
eguivalent to the zinc-blende states in the (111) direction, provided
that a small hexaggnal crystal field perturbation is taken into account.
Figure 1.1 illustrates the extrema of the three doubly degenerate
valence bands (4, B and C) and the conduction band of the wurtzite
structure at k=0. The diagram illustrates the combined effects of
“spin orbit" (so) and “erystal field" (cr) perturbations on the simplest

zinc-blende case (13). The selection rules (14) governing the allowed



Figure 1.1, The band structure and selection rules
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transitions between the various symmetry representations are shown
for the electric vector of the photon parallel and perpendicular to
the c¢-axis of the wurtzite crystal.

Experimental evidence supporting this médel was provided by
Thomas and Hopfield (3). Three exciton series were observed in
reflection measurements on CdS which could be associated with electrons
in the conduction band and with holes in the three valence bands,
according to the selection rules arising from the symmetry requirements.
The group theory calculations performed by Balkanski and Bes Cloiseaux
(15) produced a band structure model which supported Birman's symmetry
representation.

High resolution transmission spéctra of selected CdS single
crystals obtained by Thomas and Hopfield (16) showed @eviationé ff;m
the exciton binding energies, reducea nesses and band gaps predicted-
"oy the "spherical hydrogenic® modei. The deviation of the wurtzite
lattice from cubic symmetry results in an alteration of the constant
energy surfaces of the valence and conduction bands from the spherical
shape effected in the cubic case. Possible toroidal (17) and

ellipsoidal (18, 12, 13) energy surfaces and multi-valley band struciures

1]

(15) hgve been suggested by various authors. All three, and or
intermwediate cases are possible in principle in the same crystal within
different temperature ranges. In all experimental work, the valence
bands are assumed to have their extrema at k=0, since this is the
simplest case and does not invalidate the results. The problem is then
to establish the shape of the conduction band.

Dutton (19), end Thomas et al (20) explained their mesasurements
of the absorption of CdS single crystels in terms of direct exciton plus

~phonon processes rather than vie indirect absorption, although Balkanski

-
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and_des Cloiseaux (21) rgported indirect absorption spectra in
support of their many valley model (15). Hoéfield and Thoﬁas (&),
~ however, showed that this interpretation was incorrect, 'and provided
further supﬁort for their single gllipsoidal jnodel using magneto-
optical measurements of the exciton spectrum. Zook and Dexter (22)-
interpreted their mea;urements of the magneto resisfivity tensors of
CdS in terms of a single valley m6del at temperatures above 77°K, with
'the possibility of a toroidal system below 77°K in which the extrema
lie closeto k=0. They also eﬁphasised the difficulties of interpreting
such results bgcause of crystal ihhomogeneity and contact effects, and
suggested that Masumi's (23) results mey have been similarly effected.
Masumi had supported the many valley model.

| The single valley model for the cohduction band is strongly
supported by electron effective mass (m%) measurements. Piper and
Halsted (24) measured the temperature dependence of the Hall constant
and Hell mobility of semi-conducting n-tyﬁeJCdS. Interpreting their
results in terms of a simple hydrogen=~-like model for the donor level,
they obtained an effective mass for an electron of O.l9mel where mg is
the free electron mass. Piper and Marple (25) measured the contribution
of frse electrons to the infra-red absorption of CdS, obtaining an
average value of the glectroﬁ effective mass of (0.22%0.01)mg. The
electron effective mass was measured parallel (m3//) and perpendicular
(mgi) to the c-axis in one crystal at room temperature. The ratio
g%;/ = 1.06 * 0.04 gave a measure of the anié&ropy of the conduction
band which egrees with that observed by Thomas end Hopfield (i) from
their neasurements of the magneto-optical splitting of the exciton
emission. Thomas and Hopfield found mg=(0.20440.010)m, to be isotropic
to within 5%. The effective masses of the holes in the valence band

varallel (mi//) and perpendicular (mﬁl) to the c-axis were found to be
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(5.0 £ 0.5) mg and (0.7 * O.1) mg respectively.

The 5% anistropy in the electron effective mass was confirmed by
Baer end Dexter (26) and Sawamotto (27) in cyclotron resonance
measurements performed at microwave frequencies. The piezoelectric-
phonon interaction ﬁ28) was used to account for the 15% reduction in
the electron effective mass as meaéured by cyclotron resonance compared
with previous measurements. Baer and Dexter oﬁserved only one resonance
absorption at each orientation, which they attributedto electrons, and
which is consistent with the single ellipsoidal godel. The electron
effective masses determined at 4.2°K,;with the crystal c-axis parallel
and perpendicular to the magnetic field were (0.171 # 0.003) m; and
(0.162 * 0.003) mg respectively. Sawamotto did not measure the anguler
dependence, but confirmed the value of 0.17 mg for cyclotron electron
mass &3 well as observing another resonance absorption, which he
attributed to holes. His value of 0.8lmg is in egreement with the value

*

for nit obtained by Thomzs and Hopfield (4).
The single valley model for the cénduction bend of C4S, with
anisotropy of the order of a few percent, is generally accepted. Thus
a simple single valley model is a good approximation. The values for
the separation of the 4 and B, and the B and C valence bands are 0.016

.end 0.057 eV respectively, at 4.2°X and k=0, as determined by Thonzs

and Hopfield (3).

l.4 ZElectrical Properties

1.4.1 Introduction

At any fixed temperature above absolute zero, the electrical
conductivity of & material is determined by the number of charge
carriers availeble for conduction, and their mobility. The temperature
dependence of the mobility over a givgn temperature range gives an

indication of the carrier scat

ct

ering mechanisas operating within the
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material over that range. The principai scattering mechanisms
affecting the carrier mobility are briefly described below, fbllowed
by an account of the effect of the absorption of radiation upon the
conductivity. A description of the acoustoelectric effect and of
electron spin resonance studies in cadmium sulphide completes the .
section.
l.4.2 Mobility

Table 1.1 summarises the tempmerature de?endence of mobility
for the principal scattering mechanisms which may operate within a
material.
(1) Lattice scattering. Charge carriers travelling through a crystal
at a femperature above absolute zero have their wobility reduced by
interactions with the thermal vibrations of the lattice. The latfice
can vibrate in both acoustic and optical modes. In covalent element;}
semiconductors, such as germanium and silicon, acoustic modellattice
scattering is the dominant mechanism, becoming increasingly important
as the temperature inéreases. Optical mode lattice scattering is the
principal mechanism in ionic crystals. The movement of the different
constituent atoms of a compound semiconductor causes dipoles-in the
crystal that can interact with the carriers, resulting in polar mode
lattice scattering. Lattice vibrations in piezoelectric materials
give rise to electric fields which result in the piezoelectric

scattering of carriers.

(2) Impurity scattering. Neutral impurities cen give rise to scatter-

ing effects in crystals, however the theory is uncertain and indicates
only a slight temperature dependence. Charged impurities can produce
large scattering effects. The density of impurities determines the
importance of the process compared wijh other competing mechanisms.

The temperature dependence of impurity scattering, see Table 1.1,



Table 1l.1l.

The temperature dependence of mobility for the principal
carrier scattering mechanisms in a crystal.

Scattering ¥echanism Dependence of mobility on T andm® | Reference
o, =Y
Lattice : optical mode (T 72) (exp (8/r) =1) 38
& is the equivzlent temperature
of the optical phonons.
<3 .-)
: acoustic mode | (T /2) (m¥® /z) 37
_3
: polar mode (exp T) (m™ /"’) 39
: plezoelectric Y, -3,
mode (T 2) (= /%) 32
Impurity : neutral Uncertain slight temperature
dependence 40
3/ 1
: charged (1%) (™ /3) 41

Dislocation : charged

Linear temperature dependence
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indicates how this process becomes particularly important ét lowe;
tenperatures, when lattice scattering decreases.

(3) Carrier-carrier scattering. When the effective mass of holes is
larger than that of electrons, electron - h&le collisions can reduce
the electron mobility showing a similar dependence to charge&
impurity scattering. Electron - electron scattering is more complicated
and particularly in the cass of cadmium sulphide, can generally be
neglected. However at very high current densities, carrier -~ carrier
scattering caﬁ become important.

(&) Dislocation scattering. For dislocation densities greater than
108 cm_g, the effect on mobility should theoretically become apparent
(29). The femperature dependence of movility for charged dislocation
scattering was found to be linear by Read (30).

The temperature variation of the Hell mobility of cadmium sulphide

- had been attributed to optical and acoustic mode lattice scattefing by

Krdger et al (7), and optical plus impurity scattering by Miyazawa et al
(31) before Hutson (32) pointed out the importance of piezoelectric mode
scattering. Piper and Halstead (24), Zook (33), and Fujita et al. (34)
found progressively better agreement between experimental and theoretical
mobility versus temperéture curves when optical and piezoelectrical mode
tmproveck

scattering only where considered, using Hutson's imprevimg values of the
piezoelectrical constants. The apparent absence of impurity scattering
is probably due to the neutralisation of the compensated acceptors by
the trapped holes. Figure 1.2 shows the temperature dependence of the
Hall mobility in n-type CdS, illustreting the onset of ionised impurity

scattering (35).

Spear and Mort (36) measured the drift mobility of electrons and

holes in CdS using short pulses of electron beam excitation to create

™
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free carriers. The electron mobility varied from sample to sample,
being of the order of 300 cm? V' sec. "', in agreement with other
room temperature val&es. The hole mobility was found fo be befween

10 and 18 cm.? V.' sec.'.

~

l.4.3 Photoconductivity
The absorptiog of radiation by a photoconductor creates free

electrons and or holes which contribute to the electricel conductivity
of the material until fhey are trapped or recombine. Photons with an ' "
energy greater than the band gap eneréy of the crystal create ecual .
numbers of free electrons and holes. Lower energy photons May liﬁgrate
electrons or holes from centres lying within the band gap of the ?ﬂ
material, extending the spectral response of the photoconductivity to

longer wavelengths. In pure, perfect CdS, the electron and hole

lifetimes of photoexcited carriers are short, of the order of micro-

seconds. By the introduction of suitable imperfections, the crystal

ney be made more "photésensitive", and the electron lifetime increased

to milliseconds while fhe hole lifetime is decreased to.nanoseconds.
The centres that give rise to high photosensitivity ere compensated

acceptors, produced by impurities such as copper, or cadmium vacancies : -

resulting in levels some 1.1l ev above the valence Dband. These centres

are knowvn as "Class II centres", following the nomenclature of Rose (42),

with an effective negative charge in thermal equilibriuw. Their capture

cross-section for free holes is some 10° to 10° times greater than their

subseguent capture cross-section for a free electron. In "pure™®

insensitive meterial, recomoination centres known as "Class I centres"

are present. These produce a small mejority carrier lifetime, since

they have an approximately equal capture cross-section for electrons

es for holes. ("Class III centres" are defined as having larger capture

cross~sections for electrons than holes).
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The centres described so far have been introduced as recombination
centres. The Class II centres may, under certain conditions of
illumination and temperature, be regarded as hole "traps". A éentre
acts as a trap when there is a greater probability that the carrier,
associated with the centre, be thermally excited back to its respective
band. The centre acts as a recombination centre when it is more probable
that a carrier of the opposite sign recombines with the first carrier
at that centre. The térm "demarcation level" has been introduced by
Rose, its significance is thaf when it coincides with the energy level
of a centre, there is an equal probability of the centre acting aé a trap
or a recombination centre. Thus in Figure l.3(a),;the hole demarcation
level (B.D.L.), which is alﬁays in tﬁe lower half of the band gap, is
below the Class I ceantres, so that they act as recombination centres.

In Figure 1.3(b), Class II centres have been introduced, but the H.D.L.
is above them, so they act only as hole traps, and do not sensitise the
material. In Figure 1.3(c), the H.D.L. is below the Class II centres
vhich now act as sensitising recombination centres. 4s the H.D.L. slowly
passes through the level corresponding to the Class II centres as the
light intensity is increased or the temperature decreased, the photo-
current-intensity relation become superlinear. This effect is used to
determinn the depth of thne Class II centres.

Figure 1.3(d) illustrates how the simultaneous irradiztion of Cd3 with
infra-red and the rumping excitation may be used to guench the photo-
conductivity. Foles are liberated from the Class II centre by the

infre-red (1), and trevel viz the valence band (2) recomvining with
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levels some 1.1 and 0.2 eV above the valence band are suggested (5).

The number of electron traps is usually much greater than that
of sensitising centres. .It is generally accepted that there are at
least six prominent traps in CdS crystals (43, &4). The density,
and possibly the existence of some of these traps shows a stroné
devendence upon thé preparative conditions of the crys?al, its physical
history and photochemical reactions as described by Woods and Nicholas
(45). The technigue of thermally stimulated conductivity (TSC) is used
to efaluate the energy depths, capture cross sections, and densities
of the traps. (The method consists essentially of observing the changes
in the conductivity while the traps are being emptied by raising the
temperature at a linear rate). A single discrete set of traps gives
rise to a maximum in the T3C. The trap density can then be determined
from the area under that portion of the TSC curve (48). The following
is a list of the six electron trapping levels most commonly reported
for CdS. The depth is the energy of the level below the conduction
band in electron volts; (a) 0.05, (b) 0.15, (e¢) 0.25, (d) 0.41, (e) 0.63
and (f) 0.83., W#oods and Nicholas assigned the & and b levels to isoclated
sulphur vecancles, the c¢ level to a complex association of sulphur
vacancies, the d and f levels to a complex association of sulphur and
cadmium vacancies in nearest neighbour sites end the e levels to a
complex of associated cadmium vacancies. Cowell and ‘Woods (46) have
shown that one 0.63 eV trap mzy be created photochemically from twé
0.35 eV traps, and suggest that the centre responsible for the 0.63 eV
trap is an associateﬁ of two cadmium vacancies, while the 0.85 eV trap
is an association of a cadmium and sulphur vacancy, confirming the
assignments of Yoods and Nicholas.

hotoexcitation mey alsc lead to a2 change in the mobiiity of the
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carriers as a result of change in the munber or the charge of the
.scattering centres, or the onset’ of two carrier conductivity. The

change in the chafge of scattering centres by the addition or femoval

of electrons or holes causes a chaﬂge in mobility which may be used fo
evaluate the effective charge, the energy depth and theiscattering cross-
section of the imperfection centre. Bube and Macdonald (49) have.given
a detailed account of the evaluation of the properties of CdS using such
"photoHall" data. Onuki and Hase (50) measured.the a.c. photoHall effect

in CdS under d.c. illumination as a function of wavelength. They interpreted
the mobility decrease for excitation wavelengths below 0.53 microns in
terms of two carrier effects. Assuming an electron-mobility of 225 cm: v. !
sec.', they.calculated the hole mobility to be 38 cm3 V.' sec.', a value
comparable to thosé obtained by Spear and Hort (36) in their drift mobility
experiments. -

Park and Reynolds (51) observed maxima in tﬁe spectral response of the
' polariged

photoconductivity, using polarasied light, of CdS at 4.2 and 77°K. The
maxima corresponded to the maxima observed in the absorption coefficient.
This indicates that the initisal absorption of photons with the exciton
energy leads to the formztion of intrinsic excitons, associated with

transitions involving the A, B, and C valence bands of CdS. Thé excitons

then dissociate into current carriers, and contriobute to the photcconductivity

50 that maxima appear in the spectral response of the pnotoconductivity.
The dissociation may occur either by interaction with an impurity certre or
by atsorpiion or emission of phonons. The energies corresponding to those

of an exciton plus multiple longitudinal optical phonon energies give rise

to winima, which have ueen observed by Park and Langer (51), in the spectral

responsa at high cnergies.
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1000 V.cm '. Above a threshold voltage, when the electron drift
velocity exceeds the phase velocity of acoustic waves (which may
originate from thermal vibrations within the crystal), travelling

wave amplirication of the goustic WATEs can ?ﬁku placa becuuse ol tha
strong piszo-sizciric interzction in CdS. (53, 5k, 55). The acoustie
waves afe reflected at the ends of the cryutal and the crystal may
break into self-sustained oscillations if the rouni trip gain exceeds
unity (56). The acousto-electric current associated with the
amplification or oscillations subtracts from the d.c. current, as energy
is transferred from the applled field to ultrasonic energy, resultlng

in deviations from Ohm's law. The acoustic fiux causes a non-uniform

electric Ilelq distribution, so that above the threshold there exists a

region of high electric field near the anode in samples that have uniform

low-field properties (57, 58). Brillouin scattering, involving the
scattering of lizht by phonons, has demonstrated the involvement of

acoustic domains (59).

*

Hutson et. al. (60) attached guartz transducers to the ends of a
CdS crystal. BRadlo frecuency pulses applied to the inﬁut transducer
produced pulses of ultrasonic waves which travelled through the Cd3 to
the output transducer. Drift fields were apflied to the crystal via
indium contacts. Ultrasonic gain of 38 do at 45 Ac/s was achieved for

drii't iields higher then a critical fleld of about 700 V.cm.' Ay the

critical fileld, the electron drift velocity equalled the appropriate shear

-
wave velocity of sound. Losses occaqgnr in the transducers were 50 great

that thiere was no overall amplification of thc r.f. signal. It 1s hoped

to use evaporated films of CdS as transducers (61), which have & greater

erficiency at higher frecuencies thsn mschanically applied quartz trans-

p.
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l.4.5 HElectroluminescence

Electroluninescence of CdS single crystsls under d.c. fields, using

-
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ohmic contacts, has been known since 1952 (62). More recently, CdS
A0S diodes havelbeen used to investigate theemission (63). The diodes
vere of the In-CdS-SiOx-Au configuration, with the In contact as the
cathode. At 77°K, using fieldSof the order of 50 V.cm-‘, luminescence
appeered close 1o the.anoae. Biue, green and infra-red csmponents
were observed. As the current densitj was increased, the blue componenf
became more dominant. The blue emission has been aésigned-to the radiative
annihilation of an exciton bound to a ngufral acceptof, assisted by
acoustic and optical phonons (64). The green emission has been attributed
to the donor-accéptor paif recombination;process. These recombination .
précesses are descrived in detail in Chapter 2.

1.4.6 ZElectron Spin Resonance

Electron spin resonance has been empbyed as a technique to investigate
the properties of defects in CdS. sreilsford and Woods (65) found a
correlation between their "D" line and the intensity of the L.E.S. green
eGge emission and the I, bound exciton emission ooserved in the photo-
luminescence of their crystals. ZHoth these luminescent processes are

associated with shallow donor levels. They associated the D line with a

sulphur vacancy centre. They suggested that the line which they denoted

as "A" was associated with a cluster of four nearest-neighvour cadmium

vacancles which forms an zccepior some 0.7 eV above the valence vand.,

Centres arising from sulphur and cadmium vacancies have also been reported

[e])

by Morigaki and Hoshina (65), to explain the variations observed in the
ESR signal under different conditions of illumination. The electron
transfer processes which they proposed may be explained, with reference

to figure l.k, as follows:

(&) Band gep radiation excites free elecirons and holes : 1

(o) Zlectrons ars trapped by sulphur vacancies : 3, or by electrons traps :2.

mium vacancies : 6.
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(d) Holes can be excited by 0.95 micron radiation from the cadmium
vacancies to the valence band : 6, reverse of (c).

(e) After mechanisms (a) and (d),. radiation of energy greater than

1.5 eV excites electrons from cadmium vacancies into the
conduction baqd : 5, which are subsequently trapped by sulphur

vacancies : 3.

(f) After mechanisms (a2) and (¢), 1.4 micron radiation can raise holes
trepped in the cadmium vacancies to excited states : 7.

(g) After mechanisms (a) and (b), electron transfer from electron fraps
to sulphur vacancies can occur via the conduction band. This
required excltatlon by radiation with an energy greater uhan or of
the order of 0.5 eV : 4 and 3. ‘

It is normally a ssumed that a simple sulphur vaéancy would have
two trapped electrons, which would most probaﬁly result in & diamagnetic
system. It is possible that the levels described result from the formation
of donor-acceptor complexes. Thus the cadmium vacancy complex may be an
associatai’of a cadmium vacancy with a singly ionisable donor on a near-
nelghcour site. This concept is expanded in the discussion chapter.

1.5 Ontical Proverties of C4S

mi

The absorntion, transmission, reflection and emission spectra of

cadicium sulphide may be divided into "edge" and "infra-red" components.

The characteristics of the edge emission are the subject of this thesis,
zrd zo the optical properties associated with processes nezer the {undsmental

T

greater detail in chapter two. The characteristics

gdge are consicdered in
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the highest valence band (0.83 eV ab;ve the highest valence band when
unoccupied ), with holes in the three valence bands of CdS. Brysnt and‘
Cox (68) also observed emission bands with maxima at 0.7% to 0.73 microns
and 1.06 microns. These emission bands recuired band gap light for their
excitation, whereas the three longer wavelength bands could not bve
excited by bend gap laght, but required light in the range 0.6 to 1.05
or 1.3 to 1.65 microns. Thex showed that the excited state responsible
for the 0.73 to 0.78 micron emission could be changed, by heat treatment
under broad band illumination, into the complex centre which is at the
same time the 6.73 to 0.78 and the 1.06 micron ground state and thé 1.5
to 2.2 micron excited state. The proposed energy level scheme and
"transitions are shovn in figure 1l.5.

Cox et. al. (69) have explained the infra-red emission in terﬁs of
e cadmium vacancy and defect configuration containing copper atoms. It is,
suggested that the centre giving rise to the levels denoted X in figure 1.5
is a cadmium vacancy, and that the 0.75 and 1.06 micron emissions arise
from transitions from the copper impurity centre to the levels of the
cadmium vacancy. The 1.5 to 2.2 micron emission mey be explained in terms of
trensitions within the energy levels of the vacancy or from the levels to
the valence band. Cowell and Woods (46) have suggested that the centre

responsiole for the level denoted X in figure 1.5 is associated with a

efect consisting substantially of sulphur vacancies, since the 1.06 micron
emission waz decreased &s crystals were treated in increasing pressures of
sulphur vapour.

maxima in the absorpgion coefficient of CAS in the iafra-red have

J :

peen attrivuted to intrinsic defects
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to Boyn, with the energy levels of cadmium vacancies. The energy
levels above the valence band are in re&éﬁon&ble agreement with those
associated with infra-red emission. The maxima associated with the
levels C and D were attributed to cadwmium interstitials. The A and B
bands were associated with transitions within donor-acceptor associates.
He suggested that a cadmium vacancy associeted with a donor on a lattice
site was responsible for the A band, in agreement with the assignment
made by Goede (71) .to explain the 2.0 eV emission band. Boyn suggests
that the strong polarisation of the B bands indicetes that the associzted
complex is an aggregate of cadmium intergtitials.with acceptors on
lattice sites.

Most studies of_the infra-red properties of CdS have been capfied
out at tewmperatures close to 80°K. 4s the temperatﬁre is decréased, the
iﬁtensity of the infra-red emission is g@neréll& reduced and the edge v
emission bdecomes more intense. The infra-red processes, involving
largely cadmium vacancies and donor-acceptor associates, are probably
closely linked vith the edge emission processes. It is hoped to explain
the cheracteristics of the edgé emission reported in this thesis in terms
of trensitions involving these or similar centres.

1.6 Conclusion

Hény of the electrical and optical properties of CdS described in
this chapter may be explained in terms of centres with approximately
equal energy separation from the valence or conduction band. It i;
becoming generally accepted that these levels are associasted in some way
with intrinsic defects. ZHvidence of association between intrinsic
defects and impurity centres is also suggested to explain certain properties.

It is necessary to study the defect centres involved in the hope
that an understanding of the relationship between the observed physical

properties and the defect centres will lead to improvements in the
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preparation of the material and hence the possible applications of
CdS. These applications involve both bulk and thin film material.

Bulk material is more important in the study of the defect centres.
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CHAPTER 2

RECOMBINATION PROCESSES RESPONSIBLE FOR _THE "BAND EDGE EMISSION" OF CdS |

2.1 Introduction’

The term.band edge emission is loosely employed to describe

 radiative recombination processes occuring within several tenths of an

electron-volt of the band gap energy. These processes become
predominant in the recombindtion Spéctra observed in crystals at low

temperatures.and under strong excitation conditions. The edge emission

‘of cadmium sulphide excited by 3650 & radiation at liquid helium

temperatures éonsists of two major components.desoribed as the "green"
and the "blue" emission (1).

The blue edge emission has been shown to be due to the emissioﬁ
of radiation associated with the recombination or annihilation of free

and bound excitons. The green edge emission has been associated with

" the recombination of free electrons and of electrons bound to donors

with holes bound to' acceptors. -The rqcombination-processes suggested
to account for thé components of fhe blue and gréen emissions are-
desoribed in this chapter. ) |

At very high excitation intensities, crystals of suitable geometry
may be made to "lase". The sﬁggdated lasing transitions of CdS are
briefly summarised at the end of the chapter. Anti-Stékea‘excited edge,
emission is also desoribea. . ' - _—

./’
2.2 Blue Edge Emission '

“

Radiative recombination assoclated with the recombination or
annihilation of "free" and "bound" excitons has been shown to be
rgsponsible for the blue.edge emission of CdS. Consequently the

broperties an@ characteristics of excitons in CdS are described below.
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2.2.1 Free Excitons

The free exciton may be thought of aﬁ'an excited stafe of @hé
crystal comprised of an electron_and hole in orbit about one another:
The recombination of.the electron and hole méy result in fhe emissi&n
of a photon with an energy equal to the band gap energy less the
binding energy of the exciton, Eex' Similarly, a photon with an
energy EG - Eei may be absorbed to create a free.exciton,-wheré EG is
the band gap energy. By analogy to the hydrpgeh atonm,

= 13.6 A (eV)
W ez ’ -

Eex
where€, 1s the low frequency dielectric constant, which is required
to scale the 13.6 eV ionisation energy of the hydrogen atom to the
crystal lattice environment of the exciton, Since the electron and
hole are of roughly cOmparailé mass, me* and-mﬁ*, respectively, a
reduced massl/h,where ;ﬁa_= (l/me* + 1/mh*), must be used. m  is the
" electron rest mass, n is an integer, n = 1 for the ground state energy.:
The concepts of free excitons have been derived from absorption and
transmission measurements which are described below.

Thomas and Hopfielé (2) studied thé reflection spectra'from cas
crystals at 4.2°K. Deﬂsitémeter traces are showa in figures 2.1 (a)
and (b). In addition to the parent transitions A, B, and C involviﬁg
~ the three valence bands, the structure A and B’ was observed. The
. polarisation properties of X and B’indicate that they are assoclated
with the transitions A and B respeotively. The energy_separatlpns

between A-A’ and B-B” are identical and equal to 0.021 eV. It is
reasonable to assume that A and B correspond to tﬁe ground state
excitons associated with the fir_st and second valence bands respectively.
The weaker transitions_A/ and B” result from the n=2 state of the

parent transitions. If the excitons are hydrogen-like, an estimate of

the bindlng energy can be made, e.8s Eg = 4/3 x 0.021 0.028 eV.

e
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Using this velue for the binding energy and the expression (5)

where ‘e is the electronic charge and h is Planck's constant, the
reduced exciteon m&ss was calculated giving a value of 0.18. From
the analyses of their reflection data, Thomas and Hopf'ield dedirced
many of the parsmeters relating to the band structure of CdS (sée
figure 2.2) as follows:

G EexA

td

= 2.554 eV,

B, = (EB-EA) - Egup = 2-570 eV.

E, - (EC-EA) =~ B, = 2.632 eV.

E, o, Fepresents the binding energy of exciton A end similarly for B

d . 4ss i ) = 1 - = . i vith B = ° 8 i
and C. 4ssuming E_ E . then E -E 0.016 eV, with E, 0.02 eg,

xA B xA
the band gap is EG.= 2,582 eV. In order to determine (Ec - EA) it was
necessary to compute EexC which was done using e quasi cubic model

based on the similarity between the wurtzite and zincblende structures.

The values obtained were E ¢ = 0.026 eV and (EA - EC) = 0,073 eV.

C
To interpret the exciton spectra fully in wurtzite crystals, it
is necessary to account for the interaction between excitons and the
électric polarisation waves in the cfystal. Excitons contribute to the
dielectric constant of the crystal and so are closely related to
quantised waves of electric polarisation with which an electromagnetic
field interacts strongly (6). In the wurtzite lattice, it is possible
to classify the polarisation waves as purely transverse or purely
longituainal when K (the exciton wave vector) is in the principal
directions (i.e. || or_| to the c axis). However, light not propagat-~
ing in a principal direction can interact with "mixed" longitudinal -~

and - transverse excitons (4). Transmission spectra of €dS at 1.8°K

enabled Hopfield and Thomas (3) to establish the energies of the
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intrinsic exciton absorption bands of CdS, see table 2.1. Zeeman
effect-studies have shown that the line just below 1ST_16 the 18
state with PG'symmetry, formed with electron and hole apins parailelf
(the antiparallel .configuration giveé IST and has the F5 symmetry ).
The energy-diffefence between the P5 and Pslstafes is thought to
arise, in part, frop the configurational mixing of the P5 states-of :
series A and B and, in part, from the long range electrostatic
interaction Bf f5. Although the P6_transition'is dipole forbidden,
it could be observed as a "forbidden" transition beéause momentum

is supplied by the exciton-creating radiation. The line seen just
above 1sT was identified as the associated nearly-longitudinal
exoiton.lSL. These three excitbns'ﬁelong;ng to then =1, A s§ries,
P6, P5T and PSL are the principal free excitons occurring in CdS. Fﬁr
a discussion of the other excitons, éee-reference 7;

The radiative recombination of a free exciton at the exciton
"resonant" energy and of the exciton with the simultaneous emission
of one or more longitudinal optical (L.0.) phonons have been

~definitively identified (8). 6ross et. al. (9) carried out detailed
experimental investigation of the shape of the-emission peaks fér a
range éf temperatures. This has renewed interest in the theoretical
asﬁeets of intrinsic éxcitgn emission. The theoretical work_is now y
very briefly summarised. ’ B

Hopfield (6) introduced the quantum-mechaﬁicgl concept of

"polariton™ states which are the eigenstates of the interacting exciton-
photon system or stationary states of the coupled exciton-plus-photon |
fields. Near exciton resonance energies, excitons and photons cannot
. be treated as ihdependent entities. Polariton waves propagate through

the crystel with "apparent absorption" resulting from the scattering of

these waves to other polariton statés by orystal imperfections. This

-
4 - .



Tine identification Photon energy (eV)
Series A. n =1, B 6 2.55h24
Sy  2.5537
5. 2.55455
n=2, Po 2.57508
Piys S 2.57575
ne=3, D, 2.57977
n=4, P, D | 2.58094
Series B. n = 1, S, 2.5686
ST. 2.50687
n=2, " 2.59085

The S, P and D refer tc the hydrogenic states of the exciton.
Subscrints T and L refer to transverse or longitudinal

character., The wavefunctions, p, are defined as

a
«

— + 4 — . ] s 3 lre ) .
ptI"px _hlpy and po.__ pz, vhere o transforms like x ete.,
with z //c, and P4y and.po'qqrrésponding to states with-H1

and 0 units of angular momentum about the c-axis.

Teble 2.1, The energies of the intrinsic exciton absorption

bands observed in Cd4dS at 1.8 OK.
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interpretation is in contrast with the more familiar interpretation
where the absorption is said to have ocourred after the radiant eﬁergy._.
(photons) has transformed into excitons. The contribution of the
scattering of. polaritons by acoustical phonons to absorption was
evolved by Tait and Weiher (10). These authors later (11) showed that
the first longitudinal optical (L.0.) phonon replicé of the free
exciton of CdS at 77°K, i.e; the emission band approximately 0.038 eY

below the exciton resonance energy E is due to the inelastic

exA’
;_'acattering of polaritons. Figure 2.3 shows the dispersion curve for -
polaritons, see appendix 2.1. The solid curve gives the energy of the
' polaritons and the dashed curves give the energies of the uncoupled
photons-and excitons. The first phonon replicé, and perhaps the
simultaﬁeoua creation'of-two, three, etc, L.O.lphonons, is explained
by the inelastic scattering of'pblaritons above the-knee of.tﬁe lowest
lying polariton branch (at (a)) to states below the knee (at (b)) with
the simultaneous creation of L.0. phonons. The emission band close to
_the resonance energy is also due primarily to the scattering of
polaritons by L.0. phonons. Segall and Mahan (12) calculated the

. properties of the spectra of the free exciton emission for direct 8ep -
. compound 8 emiconductors using-an inferaoting exciton-phonon system,
however they found if_necessany»to pay particular attention to.
polariton effects at high -(about 77°K) temperatures. S

2.2.2 Bound Excitons

Thomas and Hopfield (13) observed lines to the low energy. side
of the intrinsic (free) excitons of CdS and interpreted them‘in.terms
of "bound" excitons,.following the suggestion of Lampert (14) that the
. centres may be degcribed as states analogous to Hg, H: and H . The
‘excitons are béund to.ionised or néutral defeots, and fhe coulombio

S~
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‘energy of the environment of the defect disturbs the energy of the
exciton. Only the lowest states of the complexes were considered
and the theory includes models of complexes which can be formed
used holes from either of the top two valence bands. In considering
transitions involéing bound excitons forme& from holes in the top (A)
valence band, thé g value of the electron is isotropic while the g
.yalue of the hole has the form g=gh" cos 8, where 0 is the angle between
the c-axis of the crystal and the direction of the magnetic field.
Transitions involving bound excitons formed from holes in the second
. (B) valence 'band are more energetic by the energy separation between
the top two valence bands. 1In ihe case of the neutral donor associate@
with bénd B, the transitions are unpolarised.l The other bound excitén
complexeé assocliated with bﬁnd B can be identified_utilising the Zeeman.
effect. -

The principal lines obéerved.in the absorptioﬂ And eﬁission spectra
reported by Thomas and Hopfield were designated I1 and 12' Tﬁe
"characteristics of the behaviour of these iinsa in a ﬁagnetic‘field
and the conclusions drawn from'the observations are shown in table 2.2.'_i
From the zero g value for the ground state and the one unpaired |

—

eleotronic particle; it was concluded that the complex associated

£
/
.
/

The characteristics of the I, line indicated that the complex is an /

with the I1 iine is an exciton bound to a neutral acceptqr sité.
exciton bound to a neutral donor site.

A line at 4861.7 4, designated I}’ was detected in absorption
only. The behaviour of this line in a magnetic field was différent
from that of I1 and 12, At zero field, only the high energy component
was observed. At approximately 10 KG and with ¢ | H, the low energy
component appeared, which when extrag9lated bapk_to zero field, showed

that the line is zero field split. ‘No,thermalisation was observed for

absorption with ¢ | H indicating that the ground state is a singlet
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. (g=0) state. The zero field splitting arises from an exchange
interaction between an.unpaired electron and ﬁn unpéiréd hole in the
upper state. Such an interaction can occur in lines resulting from
an exciton bound to ionised donors or acceptors. The small binding
energy of the exciton to the centre suggests- that the compléx is an
exciton bound to an ionised donor.

Thomas and Hopfield found that I, and I, decreased in intensity'ﬁ
while I; increased when the lines were obéerved in absorption_ﬁhile
.the sample was simultaneously illuminated with infra-réd‘radiation._
The infra-red radiation was of an appropriate energy to ionise the
acceptors preferentially. It wﬁs.cohcluded.that the free holes then
ionised the donors, so that the population of neutral centres was
decreased while that of the ibnised centres increased,. confirming the
identification of the complexes. |

Reynolds and Litton (15) observed the Is line in the eﬁission of
CdS crystals at about 1°K,'with two components in zero magnetic field.
Zeeman measurements were in good agreement ﬁithlthe corresponding
absorption measurements. Reynolds and Litton élso observed a Qtrong
emission line, denoted Is (4869.14 4), which fhey attributed, using

Zeeman measurements, to a transition involving an exciton bound to a

neutral acceptor site. The same authors later attributed this line to// '

an exciton bound to a neutral donor (16); following the suggestion ofj
Handdman and Thomas (17).

In the spectral range 6 to 8 meV below the intrinsic exciton _
line, numerous sharp lines have frequenfly been'obgerved and referred
to as I, lines (13). These lines all behavé very siuilarly in a
magnetic field. | | |

Following the nomenclature_gf Handelman and Thomas and the other
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authors mentioned above, the major emission lines in the blue edge
"emission of CdS &t 4.2°K, and their assignments, are listed in
table 2.}.. It now remains to describe the nature of the defects
to which the excitons become bound.

The intensity of the emission of the I1 exciton may be
decreaged by annealing the crystal in cadmium vapour and increased
'by annealing in vacuum. This suggests that thé acceptor gssociated

with I, is a cadmium vacancy, which is expected to have two holes

) L

in its ground state. The I, line} sometimes appears as'a closely .

spaced douﬁlet (15). Thomas et. al. (18) studied the emission of
doped erystals bf'CdS and concluded that to explain the doublet nature

and the singly ionisable nature of the centre responsible for the

I, bound exciton complex, it was reasonable to suppose that the

double acceptor vacancy is associated with-a singly-charged donor.

For the low energy line (4888.75 &, 2.53527 eV), it was suggested

that the donor was a chlorine ion substituted on a nearest neighbour

'site to the cadmium vacancy. (In.fact,_any halogen imﬁﬁrity produced

the same emission line). The proposal for the higher energy line

(LBBQ.LO 4, 2.53545 év).was that it was associated with a complex in

which the donor was an aluminium ion say substituted on a cadmium

site. It was found that the orientation of neither Cl nor Al ion /

affected the symmetry properties of the line, and both lines showed//ﬁ

the same Zeeman splitting pattern. Thémas et. al. also observed g

lines which they associated with excitons bound to the isolated'x

halogen and aluminium donors. These they denoted 12 and I

Ccl 2A1
corresponding to lines at 4869.4 & (2.5453 eV) and 4869.95 4.
(2.5450 eV), respectively. .

Handelmaen and Thomas (17) performed'various'heat.treatmenta on

—



Iine .| Wavelergth (R)| Fnergy (eV)| Binding Centra
. Fnercy (eV)
I 48R8,5 2.53595 ° 0.018 Neutral
1 : Accentor
I, 4867.15 2.5471 0.007 Neutral
' Donor
L. (1.) | 4869.1 .| 2.5460 0.008 Neutral
e ' Donor
I?C . 4870.2 2.5455 1 0.008 Neutral
- Donor
I ' 4861.64 2.54%984 ~0. 003 Tonised
3 4862.25 2,54953 Donor

N.B. The subscripts A, B and ¢ do not refer to the three

valence_bands of Cds.

Teble 2.3. The principel emission lines associated with the

bound excitons of 0dS at 4.2 °¥.
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CdS crystals and observed the resultant effects upon the

2C
is associated with a sulphur vacancy. It is perhaps worthwhile

'photoluminescence. Their results implied that the I

remarking that the many I, lines may be associated with different
acceptors associated with the sulphur vacancy. This suggestion is .
expanded in the discussion chapter.

2.2.3 Vibrational Spectra of Bound Exciton Complexes

Lampert (14) pointéd out that in éddition to the gross energy

level or electronic level scheme of the H: complex, there will exist

a fine structure for each electronic level similar to the vibrational- o

rotational level.scheme of H:. This type of spectrum was observed in

the emission of selected CdS:platelets at 1.2°K by Reynolds et. al.-

(19) and Collins et. al. (20). The following points confirm the

interpretation: o |

(1) A series of converging 1§vels fitted a standard vibrational-
electronic term scheme. There was also a series of rotatiénal
lines. ‘ _

(2) The line inténsity distributionsconformed to a Boltzmann

| distribution at a temperature in reasonable agreeﬁent with.the

actual temperature of measurement.

(3) The level schemes extrapolated to known exciton states. In

fact two series were evolved. The band head for the series'thatf’

converged to the T's free exciton (4853 i) was the 4861.7 &, I,

" 1ines described by Thomas and Hopfield (13). The band head for

the series that converged to the I'¢ free exciton (4857 4) was at .

4,865.08 &. Since the energy difference between the band heads
of the two series was the same as the energy difference between
the oconvergence limits of tﬁb two series, it was éuggested that

the 4865.08 4 line is due to the I's exciton associated with the

line (4870.2 &)



I, complex.

2.2.4 "Excited States" of Bound Exciton Complexes.

Reynolds et. al. (16) reported the observation of "excited
states" of bound exciton complexes. Using a Zeeman analysis of the
emission, they were able to identify the emission maxima at 4907.15,
4,908.7, 4912.4, 4915.32 and 4916.5 A with what they called the
nexcited states" of the Is and I, (4870.2 &) excitons.

Theemission mexima are associated with the emission of a phatén
which has originated from the annihilation of an'I'2c or I; bound
exciton, but which has lost some energy before being emitted in
eiciting the neutralising electron of the donor from the ground state
to an excited state of the donor. Using a simple hydrogenic model

for the donor, it is easy to see that the photon will have lost 3/4 ED

eV in exoiting the neutralising electron_from the ground state (n=1)
to the first excited state (n=2) of the donor, where Eb is the ionisation
energy of the donor. Similarly it would lose 8/9 E; and 15/16 E, in
lexciting'the electron to the n=3 and n=4 excited states respectiﬁely.'
_A.value of ED=O.026 oV provided good agreement between the |
observed and calculated "exéited states" of the I2c and I excitons.
This agrees  with préviously reported donor ionisation energies in
CdS, see for example (18). An electron.effective mass of 0.18.times 7
the electron rest mass gave a good theoretical fit to the experiment?Ij
data of the magnetioc fieid splitting of the lines. No-emission |
attributable to the "excited states" of neutral acceptors has been

observed.

2.2.5 Phonon Replicas of Bound Excitons ' ‘

Thomas and Hopfield (13) nofedlﬁpat, at energies less than that
corresponding to the I, lines, a number of fluorescent lines are

observed in CdS .at: 1,6°K which are described as phonon replicas of the

"
”
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I, and I, transitions. Exciton recombination occurring with the

simultaneous emission of phonons is suggested by the facts that

(a) some of the lines oocur at known phonon intervals and (b) at low

tenperatures there is no gbéorption corrésponding to the emission.
The spectrum could be accountgd for using the following phonon
energies: Longitudinal Optical (L.0.) = 0.0377eV, Transverge Optical
(T.0.) = 0.0344eV and Transverse Acoustic (T.A.j = 0,0206 eV, The
assignment of T.O. and,T.A. phonons was tentative.

The co-operation of Iy with low-energy acoustic phonons was seen

as- a small peak about 0.001 eV below Iy which tailed out to the peaklet .

I, - TA, which presumably marked the energy of acoustic phonons at the

zone boundary. Similar effects were observed on the low energy side of

the I, - LO peak. With the I, line, phonon co-operation was much
greater than for the I, line. This is probably due t§ the.greater
binding energy of the I, ocomplex. No co-operation with low energy
acoustic phonons was seen with the i; lines; while the relative
intensities of the LO phonon replics of I, were much less than those
of the I, exciton.

To. observe bound exciton emisaion, without what may  be terméd
excessive phonon co-operation, it is genera;ly ;ocepted that the CdS
crystal be maintained at 20°K or lower (21). At temperatures above
about 20°K, the majority of the excitons remain free, and intrinsioc
exciton emission is observed.

2.3.1__Green Edge Emission

In CdS, the green emission can contain two phonon-assisted series.

. The higher energy of the two series has its zero-order phonon component

centred on about 5140 . This series will be denoted H.E.5., standing
for "high energy series". The 1owér energy- series has its zero-order
component located at about 5170 4, and will be denoted I,.E.S., for

"low energy series". The basic recombinations process suggested for

. €
- f

?

18]
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-the green emission has.been disputed, and the reader is referred to
the-survey by Reynolds et. al. (1). The essentials of the prés;ntly
accepted models are discussed below.

Hopfield (22) was able to fit a Poisson distribution to the
heights of the maxima of the phonon components of the'grgen edge
emission of CdS recorded by Klick (23). (This procedure has been used
on results obtainéd during the course of this thesis, and the reader
is referred to chaptef four for details of the application). The
mean of the Poisson distribution was found to be 0.87; This suggests
that for every hundred photons emitted, fhere are 87 phonons emitted,

" and that the number of phondps emitted per photon is described by a
Poisson distribution. According to Hopfield the mean nﬁmber of
phonons determined by this fitting process provides (a) a measure
of the mass of the heavy carrier if recombination of ffée carriers
occurs or (b) a measure of the radius of the trappqd carrier if the
recombination process involves a trapped oarrier.- The mass required
fér the heavy particle is about 5 m, if the green emission is due to
a free electron to free hole transition or to exciton recombination in
the field of an impurity. In view of this; Hopfield concluded that a
trapped carrier was involved, and its orbiting radius was 11 4, which
is con;istent with the model. . However, whether the hole or the
electron was trapped was not resolved. _ .

Spear and Bradberry (24) showed that their measurements of the/

intensity of the green emission of CdS as a function of temperature

and excitation could be predicted if the radiative recombination took
place between a free electron and a hole trapped at a class II type
centre situated 0.13 to 0.15 eV above the valence band. Photo-

conductive measurements and other experiments verified the existence:

of that centre. Spear and Bradberry thereby confirmed the postulate

-
,.
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of Pedrotti and Reynolds (25) that the transition of a free electron
to bound hole explains tte single green series at 77°K. Pedrotti and
Reynolds noted that as the temperature was reduced below 77°K, the
"27% series" decreased in intensity, while at about 30°K, alsecond '
series appea;ed,_which we have already introduced as the L.E.S. The
"77 K series" became the H.E.S. at 11qu1d helium temperatures. A
transition between & bound electron and a bound hole was postulated to
explain the L.E.S. The electrons become ionised at: elevated temperatures,
while the holes are bound to the same acceptors in both processes. Thus
the H.E.S. dominates at 77°K while the L.E.S. dominates at 4.2°K.

The model so far is that:
(1) The H.E.S. is due to the recombination of freeielectrons ﬁith holes

bound to acceptors some O.lL eV above the valence band. '

(2) The L.E.S. is due to the recombination of electrons bound to donors,

some 0,023 eV below the conduction band, with holes bound to the same

0.14 eV acceptors.

(3) The replicas at lower eeergies result from the simultaneous emission
of one or more longitudinal optical phoﬁons.

(#)..The large width of the individual components of the emission ﬁay be
associated with acoustic lattice vibyatio@s, the influence of imperfect-
ions on the binding energy of the trapped hole, or lifetime broadening
(22). The explanation of the L.E.S. recombination process has been
modified by the concept of distant-pair recombination which is.treated

in the following section.

2.3.2 Light from Distant Pairs

Crystals of gallium phosphide frequently show remarkable photo-
luminescent spectra\ at temperatures below 20°K. Immediately to’ the low
energy side of the bound exciton emission, a large number of very sharp

lines are seen, which are more closely spaced at lower energies, and
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eventually merge into a broad bahd, which is replicated at lower
.energies by phonon emission. The lines can be explained in tegms of
the recombination of an electron trapped at a donor with a hole-
trappea at an acceptor which is separated by a distance r from the
donor (26). When r is large compared to the radii of the donors and
acceptors, the energy of the photon emitted, E(r), is given by
: 2

e - (EA + ED) + e

E(I‘):E —
Iweg g r

where EG is the band gap energy, EA and ED are the acceptor a#d'donor
binding energies respectively, e is the electronic charge and_Es is the
low f'requency dielectric constant. The final term is due to the
couiombic interaction of the donors and acceptors. Numerous discrete
lines occur because the donors and acceptors are substituted onllattice
sites so that r can only assume certain discrete values., It lhias been
shorn that by doping with different donors and acéeptors which can

substitute on either the Ga or P sub-lattices, different values for EA

™

and En and hence different line spectra can be obtained. Using the
gquation, the value of (EA + ED) for a particular pair of impurities
can be deriveds The broad emission is typical of "edge emission"
observed in many II - VI compounds at low temﬁeratures. The broad
emission is clearly associated with the pair lines for it also shif'ts
when (EA,+ ED) is varied. The r values_éssociated the peak of the
broad emission are 50-—'1503, which sugzests that the distant pairs
may merge to a continuum. Little information can be derived abouf
these pairs from simple spectra obtained under continuous (p.c.)
excitation,

Since the lifetime of the pairs is expected to vary with r, it

was anticipated that a study of the spectral distribution during the
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decay of the broad band emission would be instructive., Thomas et..al.
(27) developed the theory and applied the results to GaP and CdS.
Colbow (28) extended the measurements on CdS, and made measurements
using the technique of "time resolved spectrosc.':opy'i at different
'temperatures. Thomas ;5% al. (18) extended the measurements on CdS
at 4.2% by observing the spectral distribution of the emission af'ter
a O=4 nanosecond delay using pulsed electron beam excitation., The
major conciusions of their work are as follows:

(1) The spectra observed at long times (50 microseconds) after the
flash consists of sharp peaks, at shorter times (10 - 100 nanoseconds)
the peaks occur at shorter wévelengthé and are broader on the high
energy side, seé figure 2.4. This is because at large separatiéns

a variation in r changes the energy.&ery little, while at smaller

' separations a change in r has a profound effect, yet lifetime is affected

equally By a given Ar no matter whatfthe value of r. Hénce if a certain
range of lifetimes is being examnined, which is achieved by observing,
for a short time, the spectra after a time t, for small t there will
be considerable coulombic broadening,_buf at longér times there will be
less broadening. (It was necessary to use the shape of the speﬁﬁr&
obsérved at long times, when there is litfle coulombic broadenipg, to
calculate the line shape constants for the evaluation of theoretical /
line shapes for GaP because no account of acoustic phonon co-operation
or broadening:of the line due to other impurities could be included in
the evaluation). ‘
(2) Colbow studied the decay of photoconductivity and the intensity of
the H.E.S. and of the L.E.S. at 4.2°(, He concluded that (a) the free
electron concentration varied as n{t) =no‘l:-o'2o after excitation,
(b) The H.E.S. decayed as t-l'z; whieh on %he basis of a free to bound

transition, implies that the product of the free electron concentration -

«
” .
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n (t) - and neutral acceptor concentration - N, (t) - decays as

-1'2, with M a constant, (c) At short times after

1.0

n(t) N, (t) =Mt
excitation, the L.E.S. decays as t °, which on the interpretation
of a bourid to bound transition is equivalent to thé decay of the
neutral acceptors. This is consistent with (a) and (b) since

1.2 = 1,0 = 0.2, i.e. the neutral acceptor decay index leaves the
free electron decay index when subjtracted from the free-to-bound
decay index. To explain the large photoconductivity observed at
low temperatures and relatively long times after excitation, Colbow
postulatea a deep.trap for holes which is not active in the edge
recombination process. |

_(5) The binding energy of the acceptor determined by Colbow was
169.6+ 0.4 meV. The binding energy of the donor was 30.5 + 0.5 MeV.

The donors and acceptors responsible for the L.E.S. emission were

separated by about 127 R after 10'& seconds and 199 R after 0.1 seconds.

Colbow also attributed what may be called "fipplesﬁ on the emission
bands of both series and their LO phonon replicas.tp the emission and
absorption of transverse optical phonons.with an energy of 5.5 meV,
This was not conf'irmed by Thomas et, al.

The effects of the distant péir recombination process observed in
spectra excited by continuous excitation, and other characteristics of

/

these spectra, are now described. , _ A
(1) Since the transition probability for radiative recombination tends
to decrease witH increasing separation r, the spontaneous lifetime of a
pair increases with inoreasing r, and so a shift in the maximum of the
emission should be observed when the intensity of the excilation is
changed. That is, as the intensity of excilation is increased, the low
_energy pairs (i.e. pairs at iarger r) would be.occupied by holes and
‘electrone first, and then the higher en;rgy pairs would be filled.

Thus as the intensity of excitation is ihcreased, the observed emission

/
/
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_Chapter four).

of Cds, wi#h zero phonon-peaks at 5128, 5140, 5163, 5179 and 5234 X,

variety of spectral curves may be'expeetéd depending upon the erystal

-35 =

should shift to higher energy.  This has been observed by Condas and
Yee (29) and Orr et. al. (30). From the.shift of the maxima per order
of magnitude change in the intensity of excitation, Orr et. al. were

able to show that r must be of the order of 100 R, in agreement with

Colbow's value of mean pair separations. (This is demonstrated in

(2) Because of the spectral shift with intensity of excitation, it |
is difficult to evaluate the binding energy of the donors and acceptors
invoived in the recombination process. It was also observed, by
Handelman and Thomas (17), that the position of thé two series varied
as layers of the crystal weré removed, which was probably not
associated with changes in the nature of.the centres., It is'suggésted
thgt there is a range of possible’ values for the zero phonon maxima of

the two series. . The range for the H.E.S. is about 5135 + 15 R,‘while

the L.E.S. is about 5175 + 15 f.

(3) Kingston et. al. (31) observed five series in the.green emission

at 4.2°K. They proposed the existence of two acceptors, separated'by
0,006 eV, to explain the multiplicity of the series. They also suggeéted . .
that bound=to-bound transitions were invo1ved, but. were unable to |
demonstrate ény shift with variation of exciltation intensity; Nyberg
and Colbow (32) were more cpnvincing in their demonstration of the
observation of free-to-bound and bound-to-bou&d recombination radiqtion
éssociated with a new accebtor level 0.131 eV above the valence band,
which they attributed to a nitrogen impurity.
Summary

The current eiplanation_of the green edge emission of undoped CdS

excited by continuous "band gap" radiation is now summarised. A wide
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used and the intensity of excitation, Even in the same crystal,
different surface preparation techniques may result in variatiops in
the proportion of incident radiation. absorbed, which in turn affects
the spectral emission (32, 33). Usually at 4.2°K, the L.L.S.
dominates (zero phonon maximum within thé 5175 + 15 R range% however
some cnystals can be found which show almost: exclusively:the H.E.S. (zero
phonon maximum w:thln the 5135 + 15 R range) _ Generally bpth series
occur together. The shift of the L.E.S. to lower energies as the
excitation intensity is decreased confirms the explanation in terms
of a donor-acceptor pair (bound-to-bound) reqombinationlprocess. The
ionisation energy of.the donor i; about 0.03 eV, while that of the
.,acceptor is some 0.17 eV. The H.E.S. -shows little, if any, shif't with
“excitation intensity which is consistent with the emission arising

from a free-to—bound transition, in which holes are bound to the same

_acceptors as in the L.E.S. recombination process. It has been
suggested by Thomas et. al. (18), that any shift observed in the H.E.S.
may be due to changes in the electric fields within the crystals
arising from the variation of the degreé to which the compensating
donors and acceptors are neutralised., |

Since in CdS there must always be at 1easf as many donors és there
are acceptors due to autocompensation (see discussion chapter), the y,
_prominence of the H.E.S. at.A.ZOK is difficult to explain., Colbow's
postulate of a deep hole trap to explain the large photoconductivity
at low temperatures at relatively long times after flash excitation (28)
means tﬁht there is probably a high free electron concentration at all
times under continuous excitation. This may possibly explain the
occurrence of the H.E.S. in the emission of CdS below about 40°K,

The variation from crystal to crystal, of the intensity of the green

edge emission may be correlated with the intensity of the Ii bound
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exciton (17, 30). It seems very probablé that the same acceptor is
involved in both the I1 and the edge emission, The nature of the
donors is rather more open to discussion, and may be associated with
both impurities and native defects probably suphur vacancies (17, 18,
30). | | ]

2., Edge Emission Excited by Anti-Stokes Radiation

The observation of green edge emission excited by photons with
enérgies less than the band gap energy (anti-Stokes (A.S.) radiation)
was reported for CdS at 77°K by Halstegd et. al. (34). This effect
has been seen in doped and undoped CdS, and in other II-VI materialél
at 4.2°K, by Broser and Brosér-Warmiﬂsky (35). The excitation

mechanism suggested is a two step process across the band gap using

infermediate
an inbermediary level. This level has been attributed to copper since

effect can be optimised by preparing CdS with a minimal.donor impurity
end stoichiometric compensation by the copper (36). The preparative

conditions implied that the copper is largely presept as Cucg, 5d9, .

(i.e. substituted on a cadmium site, with no charge excess with respect

Condas and Yee (57) have questioned the role of copper as the centre

fafermediate
responsible for the imtormedtwry level since their crystals,with an

impurity content of the order of 1017 atoms cm'.3

, contained no detectfx .
able copper. Brown et. al. (38) suggest a model in which the centres
normally associated with deep centre luminescence are associated with
the excitation process and are involved in the recombination process.
(This will be amplified in the discussion chapter.)

The L.E.S. generally dominates the green emission of CdS at'h.ZoK

excited by. A. S. radiation (37), however the H;E.S. has been observed

in selected crystals (38). The speqtrai shif't of the series és the
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intensity of excitati&n is varied confirms that the same recombination
process is responsible for the A.S. excited emission as for the "band
gap" excited emission., The absence of a shift of the H.E.S. confirms -

the free-to-bound nature of the transition. The absorption
coefficients corresponding to the "red" (A.S.) and "band gap"
excitations are of the order of 1 and 105 cﬁrl respectively (39, 7).
Possibly as a consequence, the donor-acceptor pairs involved in the
A.S. excited L.E.S. ténd to be more distant than those involved in the
§and gap excited emission, and the A.S. excited L.E.S. tend to ﬁave
sharper, narrower peaks (38). Above about LOOK the H.E.S. becomes
the dominént emission process.

Blue édge emission has been observed in CdSlat liquid helium
temperatures excited by A.S. radiation (38). The preécise nature of

the recombination process remains in dispute, however it appears that

either the I2 bound exciton or the free exciton or a contribution from
both types, together with L.O. phonon co-operation, may be responsible
-for the emission, This will be discussed later in this thesis,

2.5 Lasing Transitions of C4ds

Light amplification by stimulated emission of radiation has been

observed using sample cavities cut from thin platelets of CdS (typically

a few microns thick, up to O.5 mm wide and 1 to 2 mm long), with micro- .

second pulsed electron beam exéitgtion (up to 60 KV at 20 mA over a
0.5 mm diamter) impinging on the larger platelet face, normal to the
¢ -axis. The spectral emissioq occurs in the blue region of the edge
emission. There are basically two types of CdS laser, which may be
‘termed intrinsic and extrinsic.' |

Benoit 4, la Guillaume et. al. (40) distinguished three process:
which can lead to lasing action in intrinsic CdS below 77°K.
(a) The annihilation of a free exciton ﬁith the emission of a photon

and an L.0. phonon, which has only a weak gain.

”’

e T o T o e

e

T

T i I B i, g




-39 =
(b) The interaction of two free excitons resulting in an exciton
with no momentum (which is then able to be emitted as a photon since
a.photon has no momentum - opnservation of momentum), and one exciton.
The emission I;ne is 27 meV below the free exciton.line, which implies
that the photon gives up this energy before being emitted. The energy
released would ionise the remaining exciton and create an electrbn hole
pair. This process has medium gain.
(3) A free exciton interacts with an electron and transfers its
momentum to it., As a result, the exciton-may become a photon. This is
a high gain process. h | |
Litton and Reynolds (41) showed that the two extrinsic laser lines
of €dS, which they called I8p (4896 R) and I (4888 x),.are associated.
| Using- conventional U.V. excitation of CdS platelets at 1.2°K, they made

the following observations and conclusions:

" (a) Tﬁéutwé'liﬂgg_ﬁga_iaggtical_Zé;man_sélitting and hole é_;;zaés;
(b) The intensity of the I8p line increased at the expense of the-I1
line as the concentration of excess cadmium was increased from crystal
to orystal,
(c) They confirmed that the I1 line is a bound exciton=-tieutral complex.
(d) They observed discrete 1ines between the I1 and I8p peaks. They
assigned fhese lines and Iep to near neighbour donor acceptor pairs,
suggesting that the acceptor involved in I1 was associated with donors
arising from cadmium interstials or sulphur vacancies., The lines also.
showed Zeeman splittipg and g values identical to that of Il'
Crystals which had been heavily doped Qith cadmium no longer showea
the I1 line or the intermediate lines, but did show the IBp liné and a
line at 4869 £ which Litton and Reynolds assigned to the 15 complex. The

authors did not investigate any of the characteristics associated with

donor- acceptor pair recombination; It would be more self-consistent if

L e e T

———
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the 4869 R 1line had in fact been assigned to the I2C complex, which
. Handelman and Thomas (17) suggested was a sulphur vacancy. (The
authors difflered from Hurwitz (42) in the value of the wavelength
they observed for the I8p laser line). It is possible.then that the
intersty bal, -

IBp complex is in fact associated with a cadmium interstial. This
is not ruled out by Zeeman meesurements, as tﬁere is some doubt as
to whether the I8p line is associated with a neutral acceptor or a
neutral donor. This would not preclude the possibility of donor-
acceptor pairs!at lower: cadmium déping levels. | )

The extfinsic process appears to be more efficient than the
intrinsic ones in obtaining amplification., Hurwitz (43) observed
lasing with 11 KeV electrons in CdS crystals grown undér excess

cadmium conditions., The electron beam was pulsed with 50 = 200 nano-

second pulses at’ a repetition rate of 60 cycles per second. The

maximum att;nable ouéfut powe} (aﬁbut 350 watts) and efficiency
(overall power efficiency aboutIZZ%) remained essentially constant
over the temperatﬁre range 4.2 to 110°K, while the threshold current
rose siowly (50 to 80 microamps). With further increase iﬁ temperature,
the threshold current rose;vety rgpidly_with a corresponding decrease
in efficiency until at 250°Klthe laser threshold was at 22mA, 60 KeV,
the maximum capacity of the gun. CdS lasing at-rdbm %emperature-had
" been observed by Nicoll (4l). | o
2.6 Conclusion

The edge emission of cadmium sulphide consists of the "blue" and
"green" componehts. The blue emission is associated with the
recombination or annihilation of intrinsic or free excitons and bound
excitons., The free exciton emission is presently being used to analyse
the mechanisms associated with the excited states of crystals. The

\

study of the bound exciton emission, which may be anulysed in terms of
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"hydrogen-molecule complexes", provides information about the nature ﬁ
~of imperfections in CdS. The green emission, at temperatures 5e10w ' @
about 40°K, is associated with two, phonon assisted series known as . L
the high energy (H.E.S.) and low energy (L.E.S.) series. Above 4,0°k, . r

- the L.E.S. disappears. The H.E.S. is attributed to the recombination ?

- |
of free electrons with holes bound to acceptors some Q.17 eV above the ﬁ

valence band, The L.E.S. is attributed to a_distant donor-acceptor

SRR

o

pair mechanism, involving donors some 0,03 eV below the conduction

]
TS e

band and the.same'acceptors as those involved in the H.E.S. The
intensity of the Il’ neutral acceptor bound exciton, and the green
emission are aff'ected by heat ' treatment in cadmium vapour, indicating
that the acceptor involved in the reéombination process is associated
with a cadmium vacancy. The donors involvéd in the edge emission are

associated with native or impurity defects. The donor-acceptor

" associate md&ei“is now-ﬁeing-tentéhively épplied éé-the éentres involved
in edge emission. |

Edge emisaion may be.excited in various ways. _Time resolved
spectroscopy - involving "flash" excitation - is the most efficient
method of determining thé ionisation energies of donors and accéptors
associated with the green edge emission. Continuous band-gap (U.V.)

 excitation is used to study the exciton components and the variation

of the green emission from crystal to crystal. Electron~beam

excitation can cause CAS to lase. Anti=-Stokes excitation excites green
and blue emission and should prove useful as a tool to investigate the ’ i
_ : _ !

levels lying in the middle of the band-gap. P |




. APPENDIX 2,1

The Lorentz model of excitons considers the exciton as an
oscillator, coqsisting of a particle of mass my» negative charge e,
vibrating about some equalibrium position, with a nafural frequency
LQﬁ ot which a'positive charge of equal magnitude 4s fixed. The
dynamical behaviour of the excitons under the influence of e;ectro-
magnetic wave (wavelength 2%49) leads to the dispersion curves for the
lééitudinal (L) and transverse (T) waves, see figure A2.1 (a) ("Excitons",
D. L. Dexter and R. S. Knox, 1965 Interscience Tracts on Physics and
Astronomy No. 25).' The introduction of the notion that the oscillators
or excitons may be coupled results in a curving of the(A% curve of
figure A2.1 (a) which is analogous to the curvature of an excitgn band,
see figure A2.1 (b). |

Thus a photon, Po entering the crystal may peéome either a
polariton Py or-Pi,;which.conrespond_to_phdtons—to—whieh«&ifférént-—————j
refractive indices (n =C7w), but the same frequency can be assigned,
Thus if the Po photons.produce approximately equal numbers of P agd P’

1 1
polaritons, and if P, and P/ are not scattered, these two; excitatigns of

1
the crystal may optically interfere with one another. Hopfiield and
Thomas (1963, Ph&s. Rev. 132, 563) showed. that this "spatial dispersion"
affeqts the reflection speétrum of CdS in a region of.strong dispersion,
The Lorentz model predicts 100% reflectivity for incident photons between
h% and(JL because there are no modes of the system available in this .’
energy range, see figure A2.1 (a). Spatial dispersion introduces allowed

_modes, with the curvature of the exciton band leading to an exciton

effective mass of 1.80 m_, and reduces the peak reflection to 65%.
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FIG. A2-l. Dispersion curves for (a) the simple

Lorentz type exciton-photon interaction,
and (b) the effect of spatial dispersion.
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CHAPTER 3

EMISSION SPECTROSCOPY : EXPERIMENTAL APPARATUS
AND PROCEDURE

3,1 Introduction

Under continuous band gap excitation a wide variety of edge
emission spectra may be observed, depending upon the cadmium sulphide
erystal used,.ana the intensity of excitation. One of the purposes
of this work has been to examine the photo-excited edge emission of
1arge.CdS single crystals at liquid helium temperatures in an
attemnt to establish a correlation between the cnysfal srowth conditions
and the spectral distribution of the edge emissions. This chapter
describes the material preparation, the cryostat, thé optical
apparatus and the experiments'performed to analyse the "green" and
"blue" CdS edge emissions. |

3.2 Material Preparation

The cadmium sulphide crystals studied during the course of this
research were grown in the Department of Applied Physics, Durham
University, .by Dr. L. Clark and Dr. K. Burr. This section serves as
a brief description of the method of growth for the purpose of discuss—
ing the results of the thesis. The details of the growth technique
and the crystal properties have already been;fully described (1).

Initial purification, by an argon flow technique, of British Drug
Houses "Optran" grade or Derby Luminescents "electronic" grade
material was used to obtain the CdS charge for the preparation of the
large single crystals., The vertical furnace arrangement, and a
t&pical quartz glass tube used in the large crystal growth techniaue
are shown in figure 3.1. A procedure of evacuation, baking and flush-

ing with argon was used to remove volatile impurities from the tube.
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The procedure was repeated when the excess of sulphur'or (cadmium);
the first component of the charge, had been placed in the tube. The
final component was the purified cas. Any deliberate dopant was
generélly mixed with the 30 gms. of CdS before it ﬁas added to the
tube. After several hours further evacuation to 10—6 torr, the tube
was sealed from the vacuum system and inserted in the flurnace in the
.position indicated in figure 3.1l.

The excess sulphur (or cadmium) sublimed from the upper vessel
“into the cooler reservoir as the furnace system warmed up. ~ The - tube
was pulled through the furnace system when the temperatures were
stable. As a result the temperature gradient effectively moved
across the growth chamber and led-to the vapour transport of the

CdS from the charge to the upper point of the tube, where the boule

P A —

i .5y S S R e = s/ b e ] Thrtt = v e

ensure a constant elemental pertial pressure during growth, The

pull was usually stopped when about half the charge had sublimed.

The crystals were either cooled rapidly by removing the tube from ths
furnace system or, more usually, were cooled slowly over a period of
some 70 hours, which resulted in the boules containing less strain,

The changes in the physical properties of the "doped" crystals,
compared with those of "pure" crystalé grown under.the same temperature
conditibns, confirmed that transport of the doﬁant frdm the charge #o
the.boule had teken place.

3,5 Sample Preparation

Cadmium sulphide crystals which had been cut and polished needed
to be etched before any green edge emission was observed under ultra-
violet excitation at liquid nitrogen temperatures. It was not

necessary to treat the cleaved face of a crystal in any way before
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luminescence was observable under the same conditions. Samples of

"as grown" crystals were obtained by cleaving the boule and selecting

a crystal from the central volume of the boule, thus avoiding the

strain anéd damage produced by cutting and polishings, and aroiding

~contamination from the growth tube wall., It was necessary to etch

samples which had been given a post growth treatment in a chromic

. s . o . . s
acid solution at 80 C for several minutes to obtain observable

| luminescence. Cleaving the crystals meant that the sample geometry was

3 ol-l-

(2)
(3)

(&)

(5)

(6)

(7)

irregular, although the size of all crystals was approximately the same,
5 to 10 by 2 to 5 by 1 to 3 mms,
The Cryostat
Thé all metal helium cryostat, shown diagramatically in
§ figure 3.2, was manufactured by The Oxford Instrument Co. Ltd., and has

been modified slightly. The essential features are:

j— - (1) - - 1.3 litre -capacity liquid helium pot. - -- - I T T —

2 litre capacity liquid nitrogen jacket.

Two carbon resistors, mounted on a thin stainless steel tube, for
use as depth indicators in the liqui&'helium pot.

The facility for electrical connections to be made to the sample
from outside the cryostat.

Demountable copper sample holder, coppef (1iquid nitrogen temp-
erature) radiation shield, and outer vecuum walls surrounding

the tail.

One centimetre diameter, optically flat silica windows in the

demountable outer vacuum wall,

Sample maintained under vacuum.

A conventional vacuum system, incorporating an ES 150 rotary

F

pump and an EO 1 oil difkssion pump (manufactured by Edwards High

Vacuum Limited), was used to evacuate the cryostat. Provision was made

. . -,
for the helium exhaust gas to be recovered, alternatively, the contents

of the helium pot could be evacdlated using the rotary pump.
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Indium was used to attach the cadmium sulphide samples to the

cold copper finger. The cold finger was detached from.the cryostat

and heated until the indium, covering the sample area, was molten.

The heating was then svopped, and the crystal placed on the indium

Just before it resolidified. The indium provided a good electrical

and thermal contact between the crystal and the cryostat. N&berg and

Colbow (2) reported that heating CAS crystals for a few seconds in é.

nitrogen or air ambient to the point where the crystal turned red

produced green edge emission bands; which they associated with nitrogen

acceptor levels 0,131 eV above the valence band. No similar series

have been observed in thé emission spectra observeq during the course of

this research. It was assumed tha@ the effect of any accidential "heat

treatment" upon the samples during the course of mounting upon the

copper block was probably very small,

Monitoring the resistance of the carﬁbn radio resistors gave an
indication of éhe temperature of the helium pot, and greatly assisted the
estimatim of the stage reached during the transfer of liquid helium. A
0.03At % Fe-Au versus chromel thermo-couple (ﬁatérial manufactured by
Johnson Matthey yetal Limited) was used to measure the témperature of' the
crystal under the various illuminations used during the course of the
research. ¥ith liquid helium in the helium pot, and the thermocouple
reference junction in ligquid helium, the temperature recorded with and
without incident U.V..radiation was 8 to 10°K, rizing to 23 to 25°K under.
OR2 excitation, and falling to 12 to 14°K when two HAl filters were
added to the OR2 exciting beam. With liquid nitrogen in the helium
pot, and the reference junction in ligquid nitrogen, the temperatures
recorded under the same excitation conditions were 80, 89 and 81
respectively. The thermocouple was attached to the faée of' the crystal

upon which the radiation was incident, so that the temperatures
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recorded - particularly in the case of excitation via OR2 filters when
a high proportion of infra-red radiation was present - were probably
the highest thet the crystal would experience. |

5.5 Photo-excitation

Stokes and anti-Stokes excited emission spectra were recorded
for the majority of crystals studied. This section describes the
equipment used to produce the different excitation conditions, and the
arrangement to excite and collimate the emission.

Stokes excitation was provided by a 500 watt mercury lamp
filtered by two Chance glass 0X 1A filters to pass 3650 R radiation.
Data, supplied by Engelhard Hanovia lamps on one of their 100 watt
medium pressure mercury arc tubes (grc length 1.85 inches, tube

diameter 12 mm), indicates that the total radiative flux was 25.2 watts

_ _when the electrical input was 108.5 volts at 1.08 amps, that is 100 watts

input. Assuming a linear relationship, the fadiative output of the
500 watt lamp, underrun at approximately 90 volts, 5 amps, stabilised.
d.c., should be approximately 110 watts. Table 3.1 shows the percent-
age of the radiant energy emitted in the region éf fhe transmission of
the X 1A filters, and the effect of two filters on the emission.  The
total percentage of the emitted radiant energy which is transmitted by
two OX 1A's is the sum of the fourth column, and is 8.28%, being
largely composed of the 36508 transition (8.04%). Thus the radiant
energy which was available to be focussed onto the crystal was of the
order of 9 watts,

Anti-Stokes excitation was provided by a 50 watt tungsten micro-
scope lamp filtered by a Chénce glass OR1 or OR2 or a 77003 interference
filter {bandwidth 150ﬁ at half height). VWhere the general terms red or
A.S, (anti-Stokes) excitation are used, the incident rediation was

provided by the tungsten lamp filtered by the OR2 filter. The same _
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ef'fects were observed using the OR1l filter, however the green emission
intensity was reduced by approximately 10% with this excitation. The
emission intensity was reduced by a factor ot the order of one hundred
when the 7?OOR interference filter replaced the OR2 filter. This
meant that the luminescence excited by the 7700ﬁ filter was below the
limit of detection in some crystals. XFigure 3.3 shows the transmission
characteristics of some filters used in the excitation and detection
of CdS edge emission. Assuming that the microscope lamp had a
luminous efiiciency of 10 lumens per watt input; then there were
500 lumens of radiant power emitted in the wvisible spectrum. This
is approximately 0.8 watts. Bearing in mind that the shape of the
spectral distribution of a tungsten lamp, the radiation transmitted
by the OR2 filterlbetween_0.62 and O.}h microns would be approximately
755 of the visible output, i.e. 0.6 ?rait_s_.___-"{‘hig_portion__of_th_e_____ L
spectrum is probably largely responsible for the A.S. excitation of
the green edge emission (see Chapter 7 on Excitation Spectroscopy).
Thus a conservative estimate of the radiant energy available to be
focussed opto the crystal in the form of A.S. eﬁcﬁétion is 0.6 watts.
The arrangement used to excite and collimate the luminescence
into the Optica spectrophotometer is shown in figure 3.4. ¥indow
"one" was used when the sample was to be irradiated with U.V., Single
beam A.S. radiation - ORZ2 irradiation --was focussed onto the cfystal
via window "two". The sample could be simultaneously irradiated by .
an auxiliary beam, thrﬁugh window "one", provided by a second filtereq
tungsten source, using 1.205 or 0.9535 micren (1502 bandwidth at half
peak) interference filters or a 1 mm thick slice of silicon.
A set (50, 30, 10 and 1% transmission) of neutral density gelatin
filters (ranufactured by Barr and Stroud Limited) was used to vary
the intensity of the excitation. The transmission characteristics of

the neutral filters showed a "flat topped" response in the region
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FIG. 3-3. Transmission characteristics of the colour filter glasses used and
of a three inch cell containing a saturated solution of copper sulphate.
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~0.34 to 2,6 microns. (bptica absorption measurements showed the
following characteristics:

IR wvalue

0
value
(different detector) 6200 &

Filter 56502 value

50% 52.5% L5% 50%
300 35% 25% 305
107 125% 7% 10% )

3.6 Optica CF 4N1

The Optica CF LN1 is é double beam, récording, grating spectro-
photometer, principally designed as an absorption measuring instrument,
and has a workable spectral range of 0.135 to 3,200 microns. As an
'emission measuring instrument, the spectral range is reduced by the
response of the detectors. fhe Optica proved to ?e a reliable and

swift means of determining the relative intensity of the various

— —— [ J— N e —

coniponents of the édge emidsion of CdS §iﬁg;e crystals.

For absorption spec&roscopy, two sources were provided; a
hydrogen lamp for the 0.185 to 0.450 micron range and a tungsteh Jlamp
for the 0,32 to 3,20 micron range. A rotatable.wheel was mounted over
the input éperture of the monochromator. The wheel contained a
selection of filters for the éuppression of the higher spectral ordérs
of the gratings, and stray light. No filters were necessary when the
hydrogen lamp was used, nor in the visible rggion. However, when the
tungsten lémp was used, or when analysiﬁg emission spectra, the
appropriafe filter héd to be inserted. These were:

F 1l A blue filter for the 0.32 - 0,40 micron range

F2 A red filter for the 0,62 -~ 1,20 micron range
F3 -An infra-red filter for the 1.2 = 1.8 micron range
¥,  An infra-red {ilter for the 1.8 - 3.1 micron range

The monochromator vwas of the Littrow tvpe, with two interchange-
Tpe,
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able plane gratings as the dispersive elements. For the ultraviolet
and visible regions (0,185 to 1.000 microns), a 600 lines/mm ruled
grating with a dispersion of 168/mm was provided. For the near infra-
red region (0.9 to 4.0 microns), a 300 lines/mm r&led grating with a
disversion of 32g/mm’was used. The grating could be changed by turn-
ing a handle on the monochromztor. The focal lengths of the common
collimator was 0.8 meters, and its diameter 80mm. The wavelgngfh scale
followed a helical path on a disc rigidly attached to the wavelength
drive unit.

The light leaving the monochromator entered the double beam
system, a unit rigidly boited to the monochromator. A lens, the only
lens in the instrument, condensed the light onto a system of mirrors,
see figure 3.5. A rotating mirror and a fixed mirror in each beam

passed the light through the reference and sample cells alternatively,

at 18 cycles per second.. The single detector always saw the light from
the two cells along the same optical path. For absorption measurements,
this system avoided any necessity to compensate for the spectral
response of the detector, the spectral emission of the source and any
absorption due to sample holders or containers - providéd that a
matched pair of containers were always used. An induction generaﬁor,
connected with the rotating axis of the mirrors, provided an electrical
signal to a relay which switched the two measured and amplified
detector signals. The ratio was displayed on the Honeywell chart
recorder,

| The slit width of the monochromator was servo controlled by the
reference signal level, so that the output from the detector due to
radiation which had passed through the reference qell was kept at a
constant value. When switched to the "single beam mode" for the study

of an emission spectrum focussed onto the monochromator input aperture,
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an independent electrical reference signal replaced that provided
by the reference beam on the detector. Thus a constant reference
level was provided, and the ratio system of recording was preserved;
whilst the servocontrol of the slit system was no longer required.
The slits were set to suit the intensity of light being studied, and
the bandwidth or resolution regquired,

An RCA typé 1P28 (9 stage, S-5 response) photomultiplier was
the detector provided for the 0.2 to 0,62 micron range. A Kodak
Ektron lead sulphide detector was provided for the 0.62 to 3.2 micron
range. The spectral sensitivities .of these detectors are shown in

figure 3.6, notice the difference in the scale of the two character-

istics. A transistorised E.H.T. stabilised power unit, which
i
incorporated six push-buttons (noted P.V. 1 to 6) to provide sensitivity

variation, supplied 850 volts to the'photomultiplier. Figures 3.7

shows the effect of the P.V. setting for a constant monochromator slit

width, and the effect of the slit variation for a constant P.V. setting,

upon an incident emission spectrum signal (i.e. the instrument
operatinglin the single beam mode). The y-axié, or "faqtor“ was
obtained by dividing the recorder deflection at the Variable P.V. or
slit setting by the deflection obtained at P.V.6 6r slits 1 respéct-
ively. These "factors" were used, where necessary, to estimate the
intensity of the emission components of different crystals relative
to the standard P,V,6, slits 1, Throughout the course of these
recorded experiments, the "time constant" of the system was set at
"normal", and the amplifier "gain" at 6 (in the range O - 10), These
settings were used to keep the ncise at a reasonable level whilst
maintaining a pen response in keeping with the spectra being studied.
Synchronous motors were used to drive both the paper advance of

the recorder and the grating - wavelength scale system. Since the
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dispersion of a grating is linear, the wavelength analysis of the
peper record was simple. The wavelength scan speeds were approx-
imately 0.5, 1 and 2 2 per second, or with another motor; 3, 6 and
128 per second. The chart speeds available were 2, 4, 6 and 8 inches
per minute. The 2inches per minute chart speed used in conjunction
with the slower wavelenzth drive motor was found to give good,
reproducible records of the green edge emission spectra.

The emission spectra of cadmium, sodium, mercury, helium and-
neon discharge tubes in the spectral range of particular intereét
(048 to 0.56 microns) were recorded using the Optica. The wavelengths
were on average 5+1 R higher than the accepted values for the emission
lines, The emission lines were reproducible to within one to two
Angstroms, Thus the'Optica was uséful as an.instrument to investigete

the edge emission under different excitation conditions, and to

differentiate between the various exciton lines. To obtain more
accurate wavelength measurements, it was necessary to use the Bausch
and Lomb spectrograph.

37/ Bausch and Lomb Spectrograph S , L0

A model 12 Bausch and Lomb 1.5 metre grating spectrograph, was
used to record the emission spectra. The spectral ranges 0.45 to 0,70
microns and' 0.225 to 0.35 microns were covered by £he first and second
orders of the .grating, with dispersions of approximately 10 and 5 £/ mm
respectively. The instrument is shownzdiagrammatically in figure 3.8(a).
The slit system incorporated four components:

i) A simple shutter, manually operated.

ii) A step-filter-field lens, which focussed incoming radiation

onto the grating. Three light transmission values (6, 25
and 100% transmission) were available for guantitive analysis.
Rotatinglthe lens through a right angle allowed fu11'10q%

transmission, the normel working position.




—slit system

’t\ — grating
1"
| i
R | |
p | '
‘ .
I
ooy . . S
H | |% \i—_sﬁlgm@t'ﬂzmg lens -
| (I
I :
g
[ \
{
| \ —drawy tube
|
i

~ film holder

(b)

> o

2

2

% Of

g

2 .

-O 1 4 N 1 ! -
O-4 o5 O-6 o7

. Wavelength  (pm)

FIG. 38, (a) Diagram of the Baousch and Lomb 'S m
orating specitrograph. '

(b) Specral response of Kodak “Tri-x Pan film.



- 52 -

iii) A Hartmann slide which controlied the height of the
spectrum recorded on the film. A sliding fish tail could
be used to vary the height of the spectrum from 1,0 to
15 mm., Alternatively, a diagonal slit in the slide,
providing a fixed spectral height of 1.5 mm, could be
moved across the input aperture allowing eleven exposures
to be made on the same {ilm., This latter system was
normally used, since it reduced the interference of the
calibration lines with the spectrum being investigated.

iv) A fixed slit assembly providing three fixed slit widths -
of 10, 32 and 60 microns which could be inserted into the
optical pakth as required. A secoﬁd, "Durham-~made"slit

assembly, slit width O0.5mm, was sometimes used for the

investigation of weak spectral emissions which did not

require such high resolution.

Thé light travelled through the field lens, the Hartmenn slide,
and the slit, down a draw tube, which reduced scattered light, through
a "stimatizing" lens, and onto a grating (635.3lgrooves per mm). The
"stigma?izing" lens corrected for the astimatism which ié associated
with ‘any Rowland circle spectrograph. The radiation was diffracted
onto the film which was held in a specially curved cassette, such
that the dispersion remained linear along the length of the film.
Kodak "Tri-X" Pan 35mm film was used to record the spectra. The
spectral response of this film, shown in figure 3.8(b), is substant-
ially uniform over the spectral range of interest. Undiluted
"Microdol-X" in a tank was used to develop the filus, which were tﬁen
rinsed and fixed in "Kodafix" before a final thirty minute wash.

The same arrangement was used to collimate the luminescence as

that shown in figure 3.,4. In cases of weak spectral emission, the
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luminescence, excited via window "one", was collected via window
"two"., This meant that the full face of the crystal was "seen",
rather than the edge, and so more light could be collected. The
exposure required to obtain a measureable image intensity depended
upon the alignment and the focussing of the image on the slits, and
upon the nature of the spectra. VWeak emission due to the excitons
was more easily distinguished from the background than that of weak

broad emission due to green edge recombination,

3.8 Analysis of Results

A Hilger and Watts Microdensitometer was used to analyse the
films. A heliuwn discharge tube provided calibration lines, and
allowed measurement of the dispersion for each film. The optical

density of the film was monitored by measuring the light transmitted

by the film, The light was focussed onto the film, and collected o ¢ .

the other side by a microscope objective arrangement; which focussed -
the transmitted light onto an adjustable slit sysiem in fromtof a
selenium cell. The output from the cell, was displeyed on a
galvanometer. The slit width was adjusted to bé as narrow as possible
whilst still providing a measureable signal level, and was maintained.
constant throughout the scanniné of a film, The most convenient slit
ﬁidth was found to be about O.8mm. A screw system was used to move
the table on which the films were clamped, thus passing the film
across the field ;f view of the objecfive. The screw was turned by
hand, the distance traversed was read off a drum, and the film density
was obtained from the galvonometer deflection,

The spectrographic results which are discussed later are presented
in terms of wavelength versus the galvonometer deflection observed.

To obtain any form of comparison between crystals, it would be necessary
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(l) to ensure that the focussing and alignment of the collimation
system was maximised for each sample. This is possible when using
the Optica with a meter output, but very difficult with the
spectrograph.
(2) to correct for the logarithmic response of the film, the slit
width.of the spectrograph and the response and slit width of the
microdensitometer, .
(5) to allow for the possibility of variations in dgveloping
effectiveness.

Since the harrowest bandwidth of the spectrograph was approximately
equal to the reported apparent linewidth of the bound exciton emission
lines, (%), no measurements of the linewidth of any exciton spectra

were made,

The chart.output of the Optica provided a record of the emission

intensity per unit wavelength interval versus wavelength, The sens-
itivity of the photomultiplier fell only by about 50% of its value at
0.48 microns by the time it was in the 0.56-micron region. It was not
necessary to correct the chart output of the Optica for the response
of the photomultiplier because no comparison of the inteﬁsities of the
green edge and exciton emission was required. The results from the
Optica are therefore presented without correction. The peak hsights
obtained from the charts were corrected to the.'standard setting' of
P.V.6, slits 1, as described in the section concerning the Optica, in
order to comparé the intensities of the components of the different
crystals. The peak intensities of the satellite phonon peaks of the
green edge emission were corrected for the photomultiplier response
prior to the evaluation of the distribution of +the number of emitted

phohons perrthoton,
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- CHAPTE

STOKES EXCITED EDGE EMISSION OF UNDOPED CADMIUM SULPHIDE

4,1 Introduction

The edge emission of undoped cadmium sulphide excited by Stokes
(ultra-violet) radiation was studied at liquid helium and liquid
nitrogen temperatures. The crystdls were grown under controlled
partial pressures of the constituent elements, as deseribed in
Chapter three. At liquid nitrogen temperatures, longitudinal optical
(L.0.) phonon assisted free exciton and green edge emission was
observed. As the temperature was reduced, the intensity of the
eﬁission generally ;pcreasea. At liquid helium temperatures bound
exciton recombination and two green edge emission_series could be

detected in the majority of crystals.

It was found that the relative intensities of the major components

of the U.V. excited emission at liquid helium temperatures could.be
correlated with the conditions under which crystals were grown,
provided that the starting charge was of a consistent, good quality.
The Optica Spectrophotoheter was used to determine these basie trends,
while the Bausch and Lomb grating apectrograpﬁ was used to make a more

. detailed study of the components of interesting spectra.

In this chapter, a brief description of the characteristics of the’

7

edge emission at liquid nitrogeh temperatures is followed by a ,
description of the characteristics at liquid helium temperatures, aﬂ&
their dependepce upon crystal growth conditions. Recorded observations
of some individual crystals are presented as illustrations of the
characteristics.- Unless otherwise speeifiéd, the meésurements were
recorded fy the Optica, and are ﬁresepted uncorrected for possiﬁle
wavelength variﬁtion or photomultiplier feiponse. When two recordingzs

have been superimposed in the same figure, the ewmission intensitites
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are not directly comparable where the term "Emission intensity
(arbitrary units)" is used. "Relative emission intensity" means
that the curves may be compared directly. Thé characteristics of the
edge emission of crystals supplied by A.E.I, Limited and Hull
University, which were much the same as those of énystals grown at
Durham, are briefly desoribed. Table 4.3 ‘outlines the features of the
emission characteristics iilustrated in the figures of this chapter.

4.2 Edge Emission Characteristics at Liquid Nitrogen Temperatures

The "blue" and "green" components (1) of the U.V. excited edge
emission of a crystal (No. 180) grown under an excess of cadmium
pressure of approximately one atmosphere are shown in figure 4.1,

This illustratestthe form of the edge.emission of C4s at'iiquid nitrogen

temperétures. The blue edge emiséion contained emission "lines" which

were broad compared with the sharp bound exciton lines which ére observed_;t

liquid helium temperatures. The major "blue" maxima were observed at

approximately 4888 and 49508, and are attributed to the zero and first

‘longitudinal optical (- L.0.) phonon replicas of the emission which

-taccombanies the annihilation of a free exciton. These results are in

~ agreement with the maximum. of hBB}R observed by Voigt and Spiégelberg (&)
which they associated with a zero phonon replica of anexciton transition
.having the highest energy point of the distribution of the.emiSSion ati
2.543eV (48752). As the intensity of the excitation was varied, the,;
height of the first L.0. component of the blue emission varied as Iﬁ,.
where I is the excitation intensity and n the index. Figure 4.2 shows
the excitation intensity dependence of the height of the first L.O.
component, the value of the index (n) obtaiﬁed was 1.5+ 0.1, |

The first maximum in the spectral distribution of the green emission

.occurred at 5164 L. Replicas of thié'first component were observed on the.

\

low energy si@etof thé emission, Seé figure 4.1. The separation of the
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oomponenfs was about 35 meV, which is approximately equal to the L.O;
phonon energy of 38 meV, The green edge emission at liquid nitrogeﬂ
temperatures has been attributed to phonon assisted recombination
between free electrons and holes bound to aéceptor levels some 0.1l
(2) to 0.17 (3) eV above the valence band. This QScth-Klasens"
(5 & 6) model -is supported by the photoconductivity and luminescence
, measurements of Spear and Bradberry (7). Variation of the intensity X
| .of-excitation by two orders of magnitude did not-lead to any
‘displacement in the wavelengths of the maxima. However the height of
the zero phonon component of the green ;dge emission varied as In,
where I is the exoitation intensity aqd n was, typicall&, 0.93 + 0,04,
see figure 4.2, : '
Tﬁe broad nature of the édge emission at'iiquid nitrogen temper-

_ atures made the precise measurement of the mexima of the components

difficult. For example, the values of the L.0. phonon energy obtained

for the green and blue components, see figure 4.1, were different.
;The.widthé at half heigﬁt-of the green emission-compgnents at liquid
nitrogen temperatures wére approximately twice those at 1iquid helium
.temperatureé. As a result, the spéctra éoulﬁ-not be readily_résolved

into separate phonon components, ané no gttempt-was made to_fit any
'ﬁathemétical form of distribution to the heightq-of the;phonon components.u
The value of 5164 R for the first ﬁaxi@um of the green edge emission leads to
a value of (2.57 = 2.40) = 0.17 eV for the separation of the acceptor

level from the valence bénd, aésuming’the band gap is 2.57 eV at liquid
nitrogen temperatures. This provides close agreement with Colbows (}) -

value of the aéceptor energy of the 0.17 eV,

hedel Eﬁge Emission Characteristics at Liquid Helium Temperatures

The edge emiasioniof'cadmidm.sulphiQQ'exoited by 3650 £ radiation
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at liquid helium temperatures éonsists of two major components

"described as the "green" and fhe "blue" emission (1). The green

emission can contain two L.0O. phonon assisted series. The higher

energy series has its zero phonon component at 5140 R, whereas the

lower energy series has its zero order component at 5170 R. The

high energy series (H.E.S.) has been assigned to recombination between
free electrons and holes bound to acceptor levels some 0:17 eV above
the valence band (3). The low energy sgfies is due to the distant
pair recombination of electrons bound to shallow donors and h&lea
bound to the accceptors (3). - The "blue" emia?ion is attributed to the
annihilation of free and bound excitons, and their phoﬁon reﬁlicas.
From Zeeman'effe;t studies of the I, (4889 ) ana I, (4867 &) exciton

lines, Thomas and Hopfield (8) identified I, and I, with the

1 2
annihilation of excitons bound to neutral acceptors and donors respect-

ively.

Edge emission components were identified by comparing their wave-

‘lengths with the reportéd values. The behaviour of these components

under different excitation conditions and the variations of fhe

.spectra from crystal to crystal suggest that these assignments were

correct. With the exception of one sample, the.12 emission could not
be resolved using the Optica. However with the Bausch ﬁnd Lomb /
. . /

spectrograph, it was poﬁsible to demonstrate that the I, emission ﬁ/

2

often contained several components. The components of the Iz'emiasion
may be correlated with I2A (4867.2 R neutral donor, doublet nature),

I,, or I5 (4869.1 R neutral donor) and IZC (4870.2 R neutrallddnof)

2B
emission (8, 9, 10). Although the I, (4861.7 & ionised donor) emission

ﬁas not observed,'it is sufficiently farlremoved from the I, exciton to

2
have been resolved by the Opticas In conclusion therefore, the ”12
emission" recorded by the Optica is eséentially an integration of the

'.‘. a . . ". N s . . ..:' ) «
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emission of all the excitons bound to neutral donors. The green edge
emission components were more readily resolved.

4+3.2 Green Edge Emission

Figures 4.3 and 4.4 show clearly the pres.snce of the two series in
the green edge emission of U.V, e#cited cadmium sulphide at liquid
helium temperatures. In figure 4.3 the intensity of the H.E.S. was
greater than that of the L.E.S., The zero order phonon component of -
the H;E.S. was observed at about 5140 X, with repeated components at
lower energies with energy spacing of 37 meV. Similerly in figure 4.4,

" where the intensity of the L.E.S. was greater than that of the H.E.S., .
. the zero order pﬁdhon compénent, at about 5188 R, was repeated at
lower energies with spacings of 37 meV. Tbis repétition is associated
with the simultaneous emission of a longitudinal optical phonon (11).

___The spacingsaein agreement with the values for the L.O. phonon. energy

in CdS obtained from infra red reflectivity measurements (12), The
maximum of the zero phonon component of the L.E.S. in figure 4.3 was at
approximately 5180 X, while the first maximum of tﬁe HeEeS. in |

figure 4.4 was at approximately 514l R. Tt will become evident, as -
further results are'presented, fhat éhd positions of the maxiﬁa of
" the zero order phonog compénents'of fhe green edge emﬁssion of undoped
and doped crys£als_were not observed at one fixed wavelength, but fell/
within a range of wavelengths. The maximé of the zero order phonon
components which lay within thé range 5135 to 5155 R were asaigned to
the H.E.S., while those within the.rangé 5170 to 5200 R were a;signed
to the L.E.S. recombination processes. Handelman and Thomgs'(9) made
the same assignments having observed -similar variations in the position
of maxima. These authors also :epofted that there was no change in

the relative intensities of the H.E.S. and L.E.S. at temperatures of

\
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20, 4.2 and 1.6°K, when both series were simultaneously present in
a crystal.

Two spectra have been superimposed in figures 4.3 and k., to
jillustrate the effect of the variation of the intensity of
excitation, using neutral density filters, upon the position of the
maxima, The L.E.S. was observed to shift towards longer wavelengths -
as the excitation intensity was reduced. This is more obvious in
figure #14 than figure 4.3. The shift'is'iliustrated more clearly in
figure 4.5 which shows the spectral distribution of the L.E.S.
dominated green edge'emission of a CdS crystal under 100 and 0,1%
U.V. excitation. Figure L,é shows the shift with excitation intensity
‘of the energy of the maximum of the zero phonon component of the L.E.S.
emission of the crystal of.figure 4..,5. The gradient of the best fit

obtained for'thisicnystal, the solid line of figure 4.6, was equal to

2.2 meV per order of magnitude change in the exoitation intensity.

The shift in the maximum‘of the-zero phonon component of the LfE.S.
emission averaged over five undoped crystals was 2.2 + O.4 meV per-
order of magnitude change in the excitéti&n intensity. This error was
used fo obtain the dashedllineQ of figure 4.6, The estimated
.expérimental error of three points lay withip-the calculated error of -

the mean. ;/
Since the H.E.S. was never found without a substantial L.E.S. _f

component at liquid helium temperatu:es, it was difficﬁlt to determine
whether there was any wavelength shift of the H.E.S. series with
excitation intensity. The zero phonon maximum of the green emissioﬁ
of crystal number 78, grown at 1150°G under a "controlled" cadhium
pressure of 0.3mm which showed the highest H.E.S. to L.E.S. intensity
rétio, vas“obaerved to shiff from 5150 to 5157'to 5164 £ as the.
excitation intensity was reduced_from 160 tojlo to 1%. The'aaymmetﬁy

N -
O *
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of the zero phonon component indicated that there was some L,E.Sii
emission present, Anti-Stokes exclitation, which was found to excite
the emission of the L.E.S. alone in all crystals (see chapter five),
confirmed that the L.E.S. recombination mechanism was operative ip this
crystale The observed shift could possibly be explgined by the L.E.S.
to H.E.S. intensity ratio increasing as the excitation intensity
decreased. The resultant envelope would then appear to shift towards
longer wavelengths as the relative size of the L.E.S. increased, and
shifted to longer wavelengtha,.while the H.E.S. remained constant.

; The dependence of the height of the zero phonon component upon the
excitation Intensity was highér than average in this crystal, i.e.
n=0.75 % 0.01. This ocould be explained if the first maximum ié_an
envelope of the first maxima of the two series.

— —— The maximum_of the_zero_phonon_component_of the H.E.S. _shown_in

figure 4.3 was shifted slightly to longer wavelengths as the éxcitation

intensity reduced. This, once again, may be interpreted as the influence

of the L.E.S. upon the observed emission. Since there was no shift with
Qariation of excitation intensity of the green edge emission at liquid
nitrogen temperatures, and as the H.E.S. recombination process at liquid
helium temperatures was the same as that at the higher temperature (this
was cénfirmed by monitoring the emission maxima as the crystal was cooled-
to liquid helium temperatures) it waé concluded that there wa; l{tile /j
shift of the H.E.S. as the excitation intensity was varied. ’
The heights of the maxima of the zero phonon components of the
spectra obtained under different intensities of excitation were corrected
to the "standard" of intensity, (sée chapter on Experimental apparatus
an@ procedure). Figure 4.7 shows the relationship between the oorrected
émission inténsity and the exéitatipp'intensity. 1005 emission was that

obtained when no neutral denaity'filter.waa inserted in the exciting beam.

" -
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The experimental values are those obtained from crystal No. 68
used in compiling figures 4.5 and L.6. The "1% excitatien intensity"
points in figures 4.6 and 4.7 were both rather low compared eith the
other points, indicating that there may have been a systematic error.
The value obtained for the intensity dependence index, n, for the
crystal was 0,86 + 0,02. The mean value of n for the green edge
emission, averaged over seven undoped crystals, was 0.85 + 0,04,
| A Poisson distribution, for a fixed mean number of emitted
phonons ﬁ;'was Titted to the heights of the maxima of the-phenoﬂ
components of the green edge emission. Hopfield (13) showed that the
: " trensition probability for a multi-phonon process, P (m), is described
| " by a Poisson distribution, | ' |
- P(m) = (¥ %/ut) exp (-F),
. ____;where_mwis_the_numben_of_phonons,_and_ﬁlthe_mean_number_of_eﬁitted“n."
~ phonons "per event". The measured heights of the L.O. phonop components

of the green edge emission were corrected for photomultiplier response _

and converted from the units recorded directly by the Optica, i.e.
emissien intensity per unit wavelength interval, to number of photons
emitted per unit energy interval. (Multiplying by a factorlof
'-'(wavelength)2 + 1.24, where the energy of the photon.is in electron
volts and the wavelength in microns, converted the wavelength 1nterval
" to an energy interval. Multiplying by a further factor@wavelength)
+ 1.24 converted the "emission intensity into "number of emitted
photons",) The corrected heights were normalised so that the helght
of the zero phonon component (m=0) was unity. The normalised values
_obtained fot the "100% excitation intensity" spectrum of the green
edge emiesion of figure 4.5 (orystal No. 68) are compared with the
values of ¥ Wm! in table 4.l The velue of N is simply the

_normalised,height of the first L.0. phonon component of the-emiseion,




Table de 1 .

A comparison of the experimental and the theoretical

phonon component heights, indicating a Poisson distribution

having a mean N = 0.82,

Number of Measured peak Theoretical peak height
. Phonons (m) height (normelised) ﬁT/m; for N = 0,82

0 "~ 1.00 1,00

1 0.82 0,82

2 N 0.31 L ~ 0e3h L

3 0;10 0,09
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and was fixed for the evaluation of N ﬂ/m! for any one crystal. The
agreement between the measured and calculated heights, witt N equal to
0.82 for this crystal, indicates that the probability of a multiphonon
emission process is described by a Ptiaéon distribution.

Values of N obtained for other crystals rapged between the extremes
of 0,78 and 1.00. The mean of the mean of the distribution was 0,86 +
0.02, averaged over eleven crystals. Thg analysis-includgd green
emiésion spectra which were dominated by the H.E.S.
Discussion

Hopfield (13) developed a theory of the tranaition probability for a
multi-phonon process involving'recombinatiod where one of the carriers ié
trapped at a level with a binding energy greater than the energy of . the
* L.0. phonon, The result obtained was that the Poisson.distribution
described in the previoﬁs section should be observed. Fitting this
distribution to the measurements of the peak heights of the edge emission
determined by Kliock (14), Hopfield found that ﬁf: 0.87 for CdS at A.ZOK.
Iq order to check the theory and the model, he calculated the radius "a"-
of thg bound _fstate.corfésponding to N = 0,87, assuming that the charge

distribution of the trapped carrier could be approximated by a Gaussian,

- 3 )

where e is the electronic charge, EL 0 the energy of the longitudinal

then

B
t
[
S

&

optical phonon, n the optical index of refraction and €o the statio
dielectric cpnstant. Substituting N = 0.87, the value of a for CdS waa.
found to be approximately 11 R, or approximately two lattice constants.
In k space, this is approximately'one-éixth of the distance from the
centre t6 the edge of the Brillouin zone. Hopfield pointed out that

. the value of a obtained, and hence the limited k space extension of the
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trapped carrier seemed to be consistent with.the original assumptioﬁ
of near cubic symmetry for the trapping p?tential Qell ﬁhich requirés
that the component wave functions for the trapped particle must be
contained in a small part of the Brillouin Zone. He also felt thgt

a mean radius of 22 & or 2a was not iﬁponsiatent with the binding
energy of the trapped carrier.,

The value of N = 0.86 which was obtained from the results
deseribed in the present work for the H.E.S. and h.E.S..of the green
edge emission and the corresponding value of a, approximately 11 X,
are in excellent agreement with the values obtainqd by Hopfield.

This indicates that at least one trapped carrier is involved in the
recombination processes associated with the high and_loﬁ energy series.
The shift of the L.E.S. to lower energies with decreasing excit;tion
intensity indicates that the emission:was due to the phonon agsisted
recombination_of an.electron bound to a donor with a hole bound to a
distant acceptor (15). The magnitude of- the shift agrees with that
observed by Thomas, Dingle and Cuthbert (19). The observation of the
Poisson distribution of the phonon series, and the comparison of the
positions of the maxima with those of other works (3), lead tg'the
conclusion that the H.E.S. is due to the éhonon assisted recombination
of free electrons with holes bound té acceptors. The same acceptor
level was probably involved in both recombination mechanisms (3)._
Assuming that the models are cofrect, that the same acceptor levels"
are involved in both meéhanisms, that the values.of“5lho and 518Q R
#re representative of those obtained for tﬁe maxima of the zero order
phonon components of the H.E.S, and L.E.S. respectively, and that the
band gap energy of CdS at 1iquid helium temperatures is 2.5826 eV (16),
the aqceptor and donor binding energ;es obtained by simple subtraction
of values are 0,170 and 0,018 ¢V, respectively. The value of the

"acceptor binding eqergy-is in agreemqnt_with thgt dedﬁced_by Colbow (3).

3 .
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However, in the evaluation of the donor bin@ing energy, no allowance
was made for the Coulombic energy component which arisés from the
attraction between the bound hole and bound electron, and the value .
of 0,018 eV compares unfavourably with Colbow's value of 0.0305 eV,

To evaluate the effect of the Coﬁlombiq term, consider the

relationship between the various energies involved. The energy, EB’
of the zero phonon component of the L.E.S., bound to bound transition

.is described by EB=EGf(EAfED)+Ec, where E,E,, and Ej are the band gap,

G'"A?
‘acceptor and donor energies, respectively. Ec.is the Coulombic term
appropriate to a donor acceptor seyparation r, where E. = _wgz « If
.- hrfg;r

the. dielectric constant is taken as 10.33 (17), r = 1.32/Ed, where r is
in £ and Ec in eV, The problem is to determine r. It was observed

that the L.E.S. shifted 2.2 eV to lower energy per order of magnitude

decrease in the excitation intensity. Any change'in.EB, dEB, mst be
due to a change dEc in Ec, since EG’ EA and ED remain conastant under
different intensities of exoitation. Thus dEj = dE, = 1.39dn/r°, For

dE; = 2.2 meV, dr ~ r21078, ar represents the change in the mean
separation of the donor acceptor pairs through which the recombination
is proceeding when the excitation intehsity is changed by one order of

magnitude. If ra~10 R, dra0.1 X; such a small change in r could not

/

oL ' . .
encompass & sufficient humber of donors and acceptors to account for
. /

the change in the luminescent intensity. If r;.IOOO R,-dr»wlooo R,.//
which would imply that the luminescent intensity should saturafe with
increasing excitation intensity;. this is not observed. It follows
therefore that r must be of the order of 100 R, when dr~/10 R,.an
estimate which is in agreement with Colbows (3) conclusions. Thus a
&alue for Ec of 0,014k eV was used as a cor?eotion_for the Coulombic
intergction, giving a value of E, of 0.0}2‘&f, whioch agreed more closely

with Colbow's value of 0.0305 + 0,0005 eV, -
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Thus the conventional spectra obtained under_qontinuous excitation
could be analysed to provide a measure of the binding energies of the
'donors and acoceptors involved in the green edge emissions. However,
the variation in the position of.the maxima of the series from crystal
to crystal where the positions were expected to be the same, and througﬁ
" the depth of the crystal in the work of Handelman and Thomas (9),
indicates that precise measqrement of binding energies can only be
obtained using some ;ther method. Time resélved spectroscbpy is
undoubtedly the best method of determiniﬂg accurately any differences
in thellevel or levels responsible for the green edge emission in CdS,
for example see the paper of Colbow (3). It is however reassuring to
note the agreement between the estimates of r, EA and ED determined by
the two methods. |

L.3.3 Blue Edge Emission

Figure 4.8 illustrates the components and the phonon replicas
which comprise the blue edge emission spectrﬁﬁ of two different CdS
crystals at iiquid.helium temperatures, as recorded by the Optica. The
major components of the curves a and b, 12 end I1 respectively, were

'deliberately allowed to drive the pen off-scale in order to shoﬁ more
clearly the phonon replicas. The spectrum of figure 4.8(a) was
" ‘"dominated by the I

1
‘recorded by the Optica, and the first and second L,0. phonon replicas//

exciton emission, with the maximum at about 4897 &

at about h970.and 5050 R respectively. The 12 exqiton maximum was
obseryed at about 4873 R_in this crystal, which was grown under excess
sulphur pressurﬁ. The spectrum of figure 4.8(b) wes dominated by the

12 exciton emission, with its first and second L.0. phonon replicas

at about 4954 and 5034 & respectively. The presgence of I, exciton
emission in this crystai (No. 172), which was grown under excess cadmium

pressures, was evidqnﬁ as a slight shoqlder on the long wavelength side
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of the I, I, + L.O. and I, + 2L.0. emissions. The emission maxima

2% 72 2

at about 4930 R, designated I, *, was tentatively ascribed-to the

2
"excited states" of the excitons bouné-to“ﬂ;utral-donors (10).

Any precise measurement of the wavelengths of the maxima of the
‘emission components was eitremely difficult with the Optica because

of the error in the'wavelengfh drive, thg large bandwidth required to
obtain a measurable signal and the speed of response of the instrumeént,
Inereasing the bandwidth of the instrument resulted in the broadening.
of the emission so that individual components became lost in a single
unresolved "band"., The spectrographic measurement of the emission
spectrum of the crystal used to obtain figure 4.8(b) confirmed the
'.assignment'of the 12 emission, the preshencq.of I1 emission and the

tentative assignment of the I,* emlission, see figure_h.9. The "Izlpeak",

2
which spanned the wavelength range from 4850 to 4880 R, was shown to
contain the following separate components: the rztfree exciton (4857 f),
the 6 exciton associated with the I3 complex or another neutral donor

line (called ‘here IZD) (4865 R), the I,, exciton (4867 R) and the Iog
(alternatively I5) or I, exciton (4870 £). The I, emission was

resolved from the "I, composite pesk", and was located at 4889 R, e

2
_-first_and second L,O. phonoﬁ replica of the fz ffee exciton were
observed at about h827 and 560& R, respeétively. The first and.second
-L.O. phonon replicas of the "12 composite peak" w;re observed at about/;
4942 and 5019 R respectively. 12° and 12I°I + L.0. emissions were
observed at about 4910 and 4990 R. The fine structure of the I*
emission will be discussed at the.end of this section., The wavelensths
and energies of the components of the major maxima and their assignments
are displayed in.table 4.2,

The comparison.of the observations made with the Optica spectro-

photometer with those of the Bausch and Lomb spectrograph confirmed

that the identification of the emissions at about 4897 and 4873 £, as

A a
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Table 4.2. The positions of the emission maxima of figure 4.9,
their assignment and an indication of the accuracy
of the assignments. Ej = 0.026 eV,

Maximum Energy of Aseugnment
Weu(rﬁ]}ength Energy oV Assignment (assuming Ej=0. 026eV)
| 4865 2.54807 I,y or I, ()
4870 2.54546 Ion (i.e.IS) or I,
4867 _ 2.54703 | I,
4857 2.55227 - [¢ tree exciton .
1889 2.53556 I, |
4902.6 2.52853__. | Ip - é E, | 2.52857
490443 2.52765 : I2A - %ED . 2.52753
I 3 E 2.52610 .
/- > K
4909 | 2.52523 L= 8Ep- 2.52496
) - 9. 7.
I, - §95_ By, 2.52392
I. -8E | 2.52235
| I5 5 D .
_ -15E 2.52370
4916 - - | 2.52169 2> "33 D- -
. I,, = 15 E 2,52266
2A ¢ D
( I, - 15 E 2.52109
. o 1
4925 2,51708 5L(free exciton)
- _ + L.0, _
4927 . 1 2.51601. . E’ (free ‘exciton) . /
: + L.0. -
4942 2.50863 "I, peak" + L.0.. "
4,989 2.48459 *,916 £ peak" + L.O.
5019 : 2.l|-7011+ "I2 pea.k" + 2 L.O.
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recorded by the Opticg, to the recombiﬁafion of excitons at neutral

acceptors (Il) and neutfal'donors (;2), respectively, was correct.

No facilities for the measufements of the Zeeman splitting of these

lines, which would have been desirable, were available to confirm

the assignments. The agreement between the spectrographically

observed emission maxima and the previously‘reported values was assumed

to be sufficient to verify the conclusions. Similarly, fhe agréement

bétweén the observed and expected maxima of the energies of the 12*

emission was assumed to be satisfactory vepification of the assignments,
\ see table 4.2, and discussion following., The fact that the ehission

mexima at about 4920 and 5000 & (I,* and I,* + L.0.), as recorded by

2
the Optica, were only observed in crystals with a strong 12 component,
confirmed the assumption that they were in some way associated with the
12 emi.ssion,

The I1 exciton coupled much more strongly with both the optical

and acoustic branch phonons than the 12 excitons. This is in accord

.with the fact that excitons are more tightly bound to the acceptor
- centres than to the donor centres (8), In two samples, the firat L.0.

phonon replica of I, was more intense than the zero order line. The

1 :
value of the L.0. phonon energy obtained from the.replicas of the biue
edge emission was in agreement with that.ébtained from green edge

.measuéements, i.e. it was 37 + 1 meV, ﬁAcouStié phonon wings were
se;dom observed with 12, whilst Il was éenerally accombanied by a 16&
energy acougtio wing. The L.O. phoﬂon replicas of 12 were some
hundred times less intense than the zero drder exciton emission, which
often meant that they were not observed.

Variation of the intensity of excitation, using neutral filters
produced no measureable waveiength:shift of the components of the

blue edge emission, The intensity of.the.exciton emission was more -

aepeﬁdent than the intensity of the greeﬁledge'emisaipn upon the

-
L .
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intensity of the exciting radiation. Figure L4.1l0 shows the_depgndence
of the emission intensity'gf the zero phonon replica of the 12

exciton upon the excitatibn intensity. The index (n) obtained for
the intensity dependence  of the 12 emission of tﬁis crystal (No. 80)
was le4l + 0.05. The mean of the values of n obtained for both

ma jor exciton-qomponents, (the zero phonon components of I1 and 12,)
‘averaged over five undoped orystals was 1.4 + O.1l. The rapid
intensity dependence and-the necessity to increase the_bandwidth of

4

the detector to obtain a measureable spectrum made the measurement
r .
rather difficult. '

Discussiég ‘

The assignment of the emiséion at about 4897 and 4873 R, recorded
by the Optica, to I, (neutral acceptor) and I2-(neuﬁral donor)-exciton
'emission.was confirmed by the spectrogfaphio analysis of the emission
spectra from the same samples. Also, the intensity §f the components
" of the green edgé emission tended to confirm the assignments, This
.will be described more fully in the next section, however to illustrate
the point, consider figure 4.8. In figure A.B(a); the spectrum is
seen to rise sharply at about 5100 R, due to thé very strong green edge
emission. The Illexciton emigsion aominated ;g—the ﬁ;ue edge emission
of this crystal. - However in figure 4.8 (b),lwhere the I, exciton
emission was very much'greater than that.of the Ii exciton, there was
no rise near 5100 R, and in fact the green edge emission was véry weak.

Emission maxima lying between 4900 and 4920 & have been reported
by Yee and Condas (18) and. Reynolds, Litton and Collins (10) with
conflicting explanation; of the rocombinétion process. Yee and Condas
~ observed peaks at 4906.0(a), 4913.3 (5) and 4922.6 R(0) superiﬁposed
on a broad background, and suggested either that the emission was due

to an impurity pair process with average donor to acceptor separations
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of 12.27, 12.60 and 12,94 R for a, b, and o respectively, or that

(a) was the L0, (0.0214 eV), _('b.) the 1'05 (0.0236 6V) and (c¢) the
| TO{, (0.0284 eV) phonon replicas of the I, exciton emission. Thomas,
Dingle and Cuthbert (19) reported pair recombination associated with
a band having a maximum at 4900 R in orystals heavily doped with
chlorine, bromine or iodine, which they suggested could be associated
with a ﬁole trapped at a neutral'acceptor.reéémbining with an electron °
trapped at a donor, Thomashpt. al, suggésted thaf the acceptor was a-
complex comprising a cadmium vacancy (double acceptor) next to a
singly charged donor, such as a Cl atom,-which would be at a nearest
'neighbour sulphur site. Théy suggested that isolated substitutional
‘chlorine atoms provided the donors. Thé 4900 R emission was the only
band that Thomas et..al. have associated with pair recombination in
the blue emission of CdS. Reynolds et. ai. havelrecently demonstrated
however, using Zeeman splitting, that the lines (in zero field) at
_4967.15, 4908.7, 4912.4, 4915.32 and 4L916.5 & can be identified as
the emission of photons, resulting fromithe annihilation of tl'-lie'I5
and IZC excitons bound to peutral donors, which had lost some of'their
recombination eneféy in exciting the ﬁgutralising electrons of'the
donors to their excited states. A donor ionisation enérgy of 0,026 eV
provided the best fit io the calbuléted ;nd‘éxperimentally-detérmined /

ionisation energies of the I. and I2c neutral donors, assuming a .

5 /

s

"hydrogenic donor" model.

- This model provides a reasonable explanation of thelmaxima
observed between 4900 and 4926 R, see figure 4.9 and table 4.2, Thus
. the h90#.3 h maximuﬁ in the Iz‘ emission of figure 4.9 cérreSponds to
the emission of photona followidg thé annihilation of excitons which
had been bound to the_-I2A (4867 X)'npﬁﬁrai 4qnor,-bﬁt which had lost

energy in exociting the neutraliging_e}ectron from_the érdund state of

vt . 4



(n = 2), would be I1 - %EA Substituting the acéeﬁted values for I
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the donor (ED eV below the'cqnduction b;nd) to the first.excited
state (.n=2) of the donor, The eneréy lost is equal to (1 -(!’).)-") Ep
= 2 Ej eV. The value of 0.026 oV for E; used by Reynolds et. al. |
provides a good fit to our 4902,6 and @90#.3 R emission maxima, and
cen be assumed to account reasonably_well for the remaining broader

emission.- The reason for the "merging" of the-emission associated

with the excitation of the electron to higher exdite@ states into

. complex peaks is probably due to the higher temperature of 10°k

(KT = 0.001 eV) at which our measurements were made compared with the
1.2° temperature bath used by‘Reynolﬂsfet; ale, |

It is of interest to note thét if_a.hydrogenic model could be used
to describe the energy 1evels.of the acceptor thought td be responsible
-for the I1 bound exciton ana the green edge emission, then the -
energy of the photon emitted associated with the I, exciﬁpg losing
sufficient energy to raise the hole fo its first excited state Il*
. . 1
and E, of 2,53585 and 0.17 eV respectively, the I,° (n = 2) emission

would ﬁave!a maximum of 2.#0855 éV, or;51h7.3'x. The 11° (n=3) emission

maximum would be at (I1 - g' A) = 2.,38474 eV or 5198.2 R. The coincidence

betweeh these energies and those of thé.zero order phonon green emission
peakS is remarkable., Hopfield (13) pointed Aut that, if exciton
regombination in the field of an impurity is responsible for the green '
edée emission, a heavy carrier mass of about 5 my is required to raise
the mean number of emitted phonons to the experimentally observed value
of one. However the existence of strong phonon replicas of the I1
exciton itself could well be thought to be sufficient evidence to.
indicate strong coupling of this excitén to the lattice. The binding

energy of an exciton to a neutral acceptor was determined by Thomas

and Hopfield (8). The value obtained, 0.018 eV, agreed remarkably
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well with the simple extrapolation of the hydrogen-molecule binding ' .I. .
renergy for the appropriate configuration. The temperature at.which 1'_ R
kT = 0,018 eV is approximately 200°K, the temperature at which the .
intensity of the green edge emission is seen to be reduced rapidly.
There are numerous objeotions to the suggestion that Il‘ |
emission is responéible for the green édgq emission. .
(1) The L.E.S. often dominates tﬁe_green eﬁissipn at liquid helium
temperatures. If the model is correoct, this would require the
I,* (n=3) emission to be involved in preference to the I,*
(n=2) emission, o
L _(2)~ The intensity of the Il bound exciton emission line'is of'ten
'1ess than the green emission intensity in certain crystals.
This would require the Il*.emisaion process.to be a preferred
process to the recomﬂination of—the simple I1 bound exciton. | ’ ___;
(3) The cbserved width and shape of the green emission at low .

. temperatures is due to acoustic.lattice vibrations, and or life-

time broadening. lTime resélved_spectroédcpy measurements,
'pe;formeﬁ by fhémas, Dingle and Cuthbert (19), have shown a
large shift of the L.E.S. to highér enefgies and a broadening
of the emission in spectra observed at decreasing_intervals
after excitation. The zero order phonon maxima shifted to
energies greater than 2.41 eV, The Il* emission cannot explainJ
the shift or broadening of the L.E.S.green emission.
(4) The green edge emission'deoays'more sloﬁ}y than the blue edge
- emission. The Il"I model could not explaiﬁ the large difference
4in decay time. _
'(5) It seems unlikely that tﬁe Ii* emission should hav? a weaker
excitation intenéity dependence than.the I1 bound excitop.

No doubt other objections:could bplraiséd against this model.

However this section serves'to'illustfate_why?ithe I:I_"l emission may
) ' . ’ .' v N .'/._.' 4 : b ’

] )
'




not be observed. Even if the hydrogenic model of the acceptor must

undergo strong perturbations, the maxima of the I{ emission probably -

lie in the region of the zero order phonon peak of the green edge
emission, The acceptor reséonsible for the green edge emission is
also thought to be the same as the acceptor associated with the Il
- exciton, see foilowing section. Thus although the'I{ emissiqn cannot
explain the green edge emissién, the mechanism may still be operative.
But because the green edge emission is also associated with the same

acceptor, the I{ emission may be swamped by the green edge emission.

L3 Dependence of the Intensntles of the Edge Emission Components

Unon Crystal Growth Parameters

Figure h.lllshows the var1at10ns-of the U.V, excited edge emission
components in erystals grown under different partial pressures of
sulphur with the upper CdS crystal growth chamber controlled at

temperatures of (a) 1150°C and (b) 1125°C. Figure 4.12 shows the

- variationsof the U.,V. excited edge emission.components iﬁ crystals
grown under partial_preésures of dadmiuﬁ with fhe CdS at 1150°C.
-(Figures 4ell and 4.12 are éresented as a guidé to assist the explanation.
of the trends observed and should not be takéﬁ tdd literaily because ‘of )
the small number of points and the aifficuity of making absolute .
intensity measurements). Spectra mgasured on the Optica were used in;/;
the compilation of the results concerniﬂg'the comparison of emissiony
intensities throughout this section,

As the partial pressure of sulphur above the growing CdS was
increasedlfrom.crystal to orystal, the.intensity of the.I1 component
was observed to increase at firat, reaching a maximum in figure 4,11 (b)
when theleulphur reservoir tempefature was 55000. Figure 4.8 (a) shows '
the épecﬁral distributidn of the blue edge emission of the crystal
grown with the CdS;qtjlléS ?c under an excess p?essurenof about 150mm,

- . C -
e, o
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The intensity of the I, component decreased as the partial pressure

1
of the cadmium above the growing CdS was increased. These trends
suggest that the acceptofs to which the I1 excitons are bound are
associated with cadmium vacancies.

The most intense 12 lines were found iq crystals grown under hith
cadmium pressures. This suggests that the donors at which excitons
recombine, to giv; at least a large part of the 12 emission, are
sulphur vacancies. Crystals grown under an equilibrium sulphur
vapour pressure (such that the sulphur vapour pressure above the CdS
at the growth tempefature was approximately equal to that of the
sulphur vapour pressure conﬁrélled by the tail temperature, i,e, of
the order of tens of millimetres of meroury) did not exhibit the I,

emission, which indicated a low donor concentration. Further increase

in the sulphur partial pressure resulted in fhe unexpected reappearance

of the 12 emission. It is concluded that growth in a high pressure of ’

sulphur vapour leads to a high aoceptor concentration, as évidenced

by the increased intensity of I, emission, but that at the same time

1 - .
an approximately equal concentration of donors is introduced. This

automatic compensation mechanism which produced insulating (101° -

lo12

.ohm. cm.), n - type crystals with poor photoconductive response,
is discussed in the summary, section 4.h. |
The intensity of the high energy greenlgmission series (H.E.S.)iﬁ/

arising from the recombination of free electrons with holes bound Fég,
acceptors, decreased as the excess vapbﬁr pressure of eithef cadmium

" or sulphur was increased. The intensity of the low energy greeﬁ
emission series (L.E.S.), arising from the recombination of electrons
bound to donors with holes bound t6 acceptors, increased as the éxcess
vapour pressuré of eithéer constituent was"incréased, reaching maxima
vwhen the éfystai growth teppéfature was'llBOoc;'aee-figmzésik.ll ()

s : . R e

el T i : . -

7
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and 4.12, The ;ncrease ip the intensity of the L.E.S. was probably
due to the increase in thé number of donors, which is illustrated
by the inerease in the intensity of tﬂe 12 series. There is a
correlation between the shapes of the L.E.S. and I1 curves, For

example in figure 4,11 (a), the L.E.S. curve continued to increase

with increasing. sulphur pressure at much the éa.me rate as the I1
exciton intensity. In figure 4,11 (b), the L.E.S.ourve. reached a

maximum at the same pressure as the Il curve reached a maximum. The

strong correlation between the magnitude of the inténsity'of the

green emission and of the Il emission 1mplig; that the same acceptor

is responsible for the green emissiop and the I1 exciton emission,

The L.E.S. also showed an interrelation with the intensity of the 12

exciton emission, indicating that thg donors assoclated with the 12
emission are probably invol&ed in the bound to bound fecqmbination of
the L.i.S..

Figure 4.13 shows the U,V. excited spectral emission distribution’
of.g crystal (No. 171) grown et 1150°C undér,lBO(mm excess cadmium
pressure as recorded'by the spectrograph. The major components of the
"I, peak" were I,, (4867 ), Ip oF Ine (4869 R) and the Fg free
exciton (4857 R). The remainder of the épéetrum as presented, was
recorded at about ten times the bandwidth used in the resoiution of the

. _ /
12 emission, and as a result, the L.O. phonon replicas of the I

2/
exciton and the 12* emigssion merged into a4 broad band. The green
emission intensity w#s weak. A very broad red emission band dominafe&
the emission spectrum. Similar red emission bands were found in-other
erystals grown under cadmium rich ﬁbnditibns; These crysfals of'ten

luminesced bright'orgnég on warming from iigpid-nitfogen.tehperatﬁres.
It was'conclu&ed that the_presehoe of_exbeéa ogdmium'vapour pressure

during growth: - CoT
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(1) encouraged the formation of donors as indicated by the 1ntense 12 |
emission, | | ‘

(2) inhibited the formation of acceptors as indicated by thg-:élatiye
absence of the I1 exciton and green edge.emission,

(3) resulted in the increased efficiency of radiative recombination .
processes other than "band edge" processes. |
Crystals grown under the same excess vapour pressure, but at

Aifferent CdS growth temperatures, did notlemit identical spectra.

This may be seen by comparing figures 4.11 (a) and 4,11 (b),

illustrating the variations of the components of the U.V; excited

green edge emission, in cryétals grown under diff'erent partial '.

pressures of sulphur with the CdS controlled at (a) 1150°C and (b)

1125°C. The intqnéities.of the various components wére not equal’

in any two crystals grown at different_témperatures but under the same

excess partial pressure. (The experimental points at the lowest

_pressure in both figures were obtained from the same crystal (No. 77)
_ which was grown at 1150°C) However the same'tfends, such as the
increase_in the intensity of the L.E.S. at the expense of the H.E.S.

- and the increase in the intensity of the I, component, were observed

2

with increasing excess vapouf pressure at both growth temperatures.

The largest differénce between the two curves was seen in the intensitx#-

of the excitons, : . _ ')l
Consider the crystals grown under 150mm excess sulphur pressure,’

the emission of the 1150°C grown crystal (No. 80) was dominated by

the "12 composite peak" with the_I1 exciton somewhat lost in the long

wavelength edge of this peak. Thé emission of the crystal grown at

1125°C (No. 68) was-dominated by the L.E.S. green emission, the

photoexcited carriers associated with donors preferring fo recombine

via the green edge emissién, with the I emia&ion dominating the blue

i 1
emission,. The apeétru@ of. & third crystal (No. 17&), grown at 1075
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Il

under 150 mm excess sulphur pressure, showed that the intensity of
the green edge emission was approximately three times that of the
exciton emission. The green edge emission, recorded by the Optiea,
is shown in figure L.l (a). By subtracting the anti-Stokes

excited green emission (which only contains the L.E.S. = see chapter
five) from the U.V. excited emission, it was possible to demonstrate
that' the U.V. excited emission contained both the L.E.S. and H.E.S.
at approximately_equal intensities. Specfroéraphio énalysis of the
blue emission, see figure 4.1 (b), showed maxima at 4867.6 & (IZA)
#nd at 4869.3 & (12B or I5). (The width at half height of the IZA
emission was 6.3 x 10™* eV, which was greater than the bandwidth

used in the measurement (0}6 R). This was probably due to the doublet
nature of the IZA.emisgion). Comparing the éhisséon characteristics

of these three crystals illustrates the re?uction in the intensity

: 6f the exciton emission, relative to the other emission with decreasing

growth chamber control temperatures., - In their search for CdS laser

material, Thomas and Hopfield (20) preferred flow-grown platelets to

large crystals because of the inability to grow large perfect crystals.

" The reduction in the intensify of the exciton émissioﬁ'with decreasing
growth temperature obaerved‘in our experimenta perhaps indicates a
. deerease in the cr&stalline quality of orystals grown at lower temper-
atures. |

The characteristics of the exciton edge emission of three crystals
supplied by A.E.I..Ltd. and one from Hﬁll University were much the
same as those of crystals grown at Durham, However, an intereatihg
.resuit was observed with the blue emission of a crysfal grown By.
AE.I. Ltd., crystal 578, Figure 4.15 sﬁows the U,V. excited exciton

emission of the orystal, which'was semi-conducting (resistivity

10 ohm cm.) The intensity ‘of the I,, and IZB,emiésions was small"

K
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compared with the emission in the 4872 R reéion, which was probably
associ;ted with some unidentified "donors",. -Theldonors.were probably
responsible for the low resistivity, and may‘have begn asgociated

with impurities.

ol Summary

The green edge emission of CdS cﬁystals at liquid helium
temperatures contains two L.0. phonon assisted series. The gzero
phonon component of the high energy series (H.E.S.) is due to the
recombination of‘free_eleotrons with holes trapped at acceptor
levels some 0,17 eV above the vaience band. The 2zero phonon comﬁonent
of the low energy series (L.E.S.) is due to the recombination of
electrons bound to donors (some 0.03 eV belqw the conduction band)
with holes ﬁound to the same acceptor levels., The mggnitude of the
shif't of the maxima of the L.E.S. to loﬁger wavelengths aé the

excitation intensity was reduced, was used to calculate the mean

separation between the donors and acceptors involved in the recombination.

The separation was of the order of hundreds of Angstroms. Thg.

components of the blue emission spectra have been assigned to the

"phonon assisted recombination of free and bound excitons, and the

excited states of donor bound excitons, by comparing the positions of
the emission maxima with those of previous workers. : 4

The observation -of the emission associated with excitons bound to’

the neutral donors lo¥sing some of their recombination energy in

raising the donor electron to an excited state of the donor, IJ emission,-

2

was used to evaluate a donor ionisation energy of 0.026 eV. The excitons .

were (a) Iy (v) IZB (1.e. 15) or perhap§ Lo (these two excitons were

not ‘resolved separately) and (¢) perhaps the rz free e&citon associated ..
with the I5 fonised donor or another exciton bound to a neutral- donor,

say I, at 4865 R, Tho denors which are responsible for a largs part

» . o«
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of the "12 composite peak" are probably also involved in the L.E.S.

recombination nrocess, despite the slightly different jonisation

energy (ED = 0,032 eV) obtéined. The Eb value obtained from the

green edge emission measurements had been corrected for a Coulombic

interaction. The correction applied was simply an order of magnitude
correction obtained from the order of magnitude estimate of the donor-
acceptor separation, Using the value of ED of 0.026 eV and working
back, the separation obtained is 174 X, once again in reasonable

egreement with the values of Colbow (3),

The relative intensities of the major components of the edge
emission were correlated with the excess partial pressures of the
constituent elements under which the crystals Had been grown, The
variations led to the following conclusions:

(1) The acceptor & responsible for the Il bound exciton emission is
also involved in the greén edge recombination processes. -The
acceptor is associated with a cadmium vacancy, even though other
donor impurities may be juxtaposed with the vacancy (19)..

(2) The donors which are responsible for a large part of the 12
bound. exciton emission and the L.E.S. green emission are
probably associatéd in some way with sﬁlphur vacancies and/or
cadmium interstitials. Sulphur vacancies have previously been
suggested as possible centres for the recombination of excitons
to produce the I2C (4870.2 ﬁ) emission (9).

(3) The Ig emission was obser&ed in crystals showing an intense I2
emission,

(4) As the number of' acceptor - levels involved in the green edgg
emission was reduced by using excess cadmium pressures during
growth, alternative radiative recombination processes became
more obvious; Red emission was observed in many such crystals
grown at Durham. -The low resistivity crystal grown by A.E.I. Ltd.

I
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(5)

The appearance of I

- 80 =
appeared "white" under U.V. excitafion due to the blue, green
yellow and no doubt other fecombination processes. The red
emission centre may be associated in some way with the centre

responsible for part of the I, emission. This possibility will
2

be expanded in the discussion of the anti-Stokes exeitation

mechanism in the following chapters,

2 emission in the U.V. excited spectra of
érystals grown under high excess pressures of sulphur indicates
that there is a strong tendﬁhcy for an autocbmpensatqny |

mechanism to operate in CdS. A possibie stfem for the explg#ation

of‘this'efrqct is propbapd in chapfer eight.'_



Table 4.3 The features of the emission characteristics illustrated
in the figures of Chapter 4.

Figure| Crystal g::gf%c Excéess lfk:;:?rg Features

1 180 1150 (] 760 blue and green S.D. ‘

2 H59 - - - blue and green I vs 3

3 AEI537 | - - - . | ereens..as |

4 AEI578 | - . - - green S.D. 47

5 68 1125 - s 150 green S.D. aJ

6 " "o " o " | dE vs J

7 " " " e e twes

8(a) " " . L blue S.D.

8(b) | 172 . | 1100 cd 180. . " "

9 "o " LR | }:' o . (B&1L)

100 | 80 1150 s . 150"_. " Ived

1; 77 " | " 12 I(blue & Greet) vs P
80 " "o 150 . . "
68 - 1125 "o " o
b 1150 . | 760 _ E
-69 : 12 | . " ' "

12 78 1150, ca 0.5 . I(blue & green) vs P,
127 " o 30 .L_. | : K
129 S N T - S
91 " w 0 | " |

13 | o " 180 - . | green, blue & rea S.D.(BaL)

We(a) | 17 1075 | s 150 | @reen s.D. |

) | " K " blue S.D. (B4L)
15 AET578 | = - - "

S.D. snectral distribution, I emission intensity, J excitation
intensity, B&L spectrographic record P pressure of constituent.

. o«
N




1.

2.
3.
k.
5

6. -

7.

9.

10.

11,

12,

16,

17.

18,

19.

20.

CHAPTER L . | | L
REFERENCES . .
D. C. Reynolds, C. W, Litton and T. C. Collins (1965), Phys.
Stat. Sol. 12, 3. .
L. S. Pedrotti and D. C. Rynolds -(;960)', Phys. Rev. 120, 1664,
K. Colbow (1966), Phys. Rev. 141, 742,
J. Voigt and F. Spiegelberg (1968),. Phys. Stat. Sol. 30, 659.
M. Sohn (1942), Z. Phys. 119, 463, |
H., A. Klasens (1940), Nature 158, 306. .
W. E. Spear and G. W. Bradberry (1965), Phys. Stat. Sol. 8, 649.
D. G. Thomas and J. J. Hopfield (1961), Phys. Rev. Letters, 7, 316.
D. G. Thomas and J._J’.. Hopfield (1962), Phys. Rev. 128, 2135.
E. T. Handelman and D. G. Thomas (1965), J. Phys. Chem. Solids,
26, 1261. '
D. C. Reynolds, C. W. Litton and T. C. Collins (1968), Phys. (
Rev. 17k, 845, | |

‘F. A. Kroger and H, J. G. Meyer (1954), Physica 20, 1149.

M. Balkanski, Proc. Int. Conf.-on'Phy's. of Semiéonductors,
Paris 1964, p.io;1.

J. J. Hoprield (1959), 7. Phys. Chem. Solids 10, 110.

C. C. Kiick (1951), J. Opt. Soc. Amer. 4l, 816.

D. G. Thomas, J, J. Hopfield and W M. Augustyniak (1965),
Phys. Rev, 140, A202. |

J. J. Hopfield and D. G, Thomas (1961), Phys. Rev. 122, 35. /
D. Berlincourt, H. Jaffe and L. R. Shiozawa (1963), Fhys. Rev.
129, 1009. .

J. H. Yee and G. A. Condas (1967), Solid State Electronics 10, 257. |

D. G. Thomas, R. Dingle and J. D. Cuthbert (1967), Proc. of the

Int, Conf, on II - VI Semiconducting Compounds, Providence R.I. -

D. G, Thomas and J. J. Hopfield (1962), J. Appl. Phys. 33, 32u43.

)



- 8] -

CHAPTER 5

ANTI-STOKES EXCITED EDGE EMISSION OF UNDOPED CADMIUM SULPHIDE

5.1, Introduction

The edge émissioh of undoped cadmium sulphide excited by
anti-Stokes radiation was studied at liquid nitrogen and liquid
helium temperatures. The crystals were growngggtrolled-partial
pressures of the constituent elements. At liquid nitrogen
temperatures the green edge emission excited by anti-Stokes (A.S.)
iadiation was identical with that excited by U.V. radiation. At
liquid helium temperatures, only one green edge series (L.E.S.) was
observed under A.S. excitatién. This was accompanied by weak exciton
emission in some crystals.

The relationship between the crystal growth conditions and the
intensity of the A.S. excited green emission at liéuid helium
- temperatures was investigated. The Optica spectrophotometer was
used to determine these basic trends, while the Bausch and Lomb
sﬁeotrograph was used to determine the precise wavelength of the
'_émission. In this chapter the characteristics of the A.S. excitéd
edge emission at liquid nitrogen témperatures end liquid helium
tempefatures are.described first. _Thiqmis followed by an account of
the way in which the edge emission af liquid helium temperatures varied
depepdiné on the conditions under which the crystal had been grown.
Table 5.1. outlines the features of the emission illustrated in the

figures of this chapter.

5¢2. Edge emission characteristics ét liguid nitrogen temperatures

No blue emission was observed in the A.S. excited emission spectra

of CdS orystals at liquid nitrogen temperatures. The first maxima of -

“the U.V, and A.S. exoited green emissions were centred on

R




Table 5.1. The features of the emission characteristics illustrated

~in the figures of Chapter 5.

_Figure Crystal Qrowtho Excess | Pressure | Features
Temp, C mm.

1 H59 - - - U.V. & A.S. green S.D.
2 | - : - Womoown IvgJ
3 7 1150 S 12 wowooou *  8.D.
4 68 1125 S 150 womoom " "
5 | 174 1075 S 150 nowoom "ooov,al
6 H59 - - - A.S. green S.D., dJ-
7 215 1150 cd " 30 U.V. & A.S. green I vs J
8 216 1150 S 50 "o on w' "
9 60 1075 S - """ blue S.D.
10 11 1150 S 12 - "nonoon noom
1 | 172 1100 cd 180 T
12 See figures 4.11 and 4.12 and table 4.3, Chapter 4.

S.D. spectral distribution, I emission intensity, J excitation

intensity, 4J effect of the variation of J.
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approximately the same wavelength. Both spectra indicated similar
L.0. phonon assisted recombination., Figure 5.1. illustrates these
features. The A.S. excited green emission was assigned to the same
recombination process as the U.V. excited green emission at liquid
nitrogen tgmperatures, that is a free electron reconmbining with a

hole bound to an acceptor some 0.17 eV above the valence band.

Variation of the intensity of excitation, using neutral density

filters, did not lead to any displacement in the wavelengths of the

. maxima of either the A.S. oi U.V. excited green edge emission.
However the height of the zero phonon component of the green edge
emission varied as In, where I is the excitation intensity and

n was typically 0.93 ¥ 0.04 for the U.v. and 2.26 ¥ 0.06 for the

A.S. excited emissions. Thése values refer to the same crystal,

aée figure 5.2. It was impossible to check the dependence of fhe
A.S. excited emission intensity over several orders of intensity of
excitation because of the sfrong intensity dependence and the weak
emission intensity of the green edge emission. The linear dependence
of the Stokes (U.V.) excited emission intensity compared with the
square law dependence of the A.S. excited emission intensity implies -
that a two step_excitation process was operating under A.S.
excitation (1). This will be discussed more fully in chapter eight.

543.1e Anti-Stokes edge emission characteristics at liquid helium

tempefatures.

Green and blue emissions were observed in undoped CdS crystals
At liquid helium temperatures under A.S. excitation. The green
edge emiqsion consisted of the L.E.S. alone, typical of the bound-to-
bound recombination mechanism. The blue edge emission was not

detected in all crystals, and was only recorded as a broad step
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leading to the rising edge of the green emission in many orystals.
(This was due to the large slit widths which had to be employed to
detect the radiation.) Although no sharp "exciton-like" lines ﬁere
recorded, the position of maxima, which were'resol§ed in three -
crystals.(see 5.5.3.), indicated that the blue emission was due to -
the L.0O. phonon assisted emission of photons, resulting from the
annihilation of excitons bound to neutral donors, which had lost
some of their recombining energy in exciting the neutralising
electrons of the donors to their lowér'excited gtates, The resulting
emission is that which has begn denoted IX earlier. Phonon replicas

2

of I¥* as well as I, are possibly super?mposéd in the observed spectra.

2 2
The assignment of the emission to the Ig excitons was made on the
basis that the positibns of“the maxima recorded dy the Optica were
similar to those observed under U.V, excitatioh. This assignment is

rather tentative.

5¢3.2. Green edge emission

The anti-Sﬁokes excited green edge emission pf all undoped
CdS crystals at liquid helium temperatures consisted of the low
energy series (L.E.S.) alone, even in some crystals which
preferentially emitted the shorter wavelength series (H.E.S.) under
U.V. excitation. Figure 5.3. shows the green edge emission spectra
- excited by A.S. and U.V. radiation of a crystal in which the U.V. ;
excited emission was dominated by the H.E.S. The asymmetry of the
component bands of the U.V, excited emission indicated that there was
some L.E.S. present. As can be seen in figure 5.3, the A.S. excited
emission consisted of a sharp, L.O. phonon assisted series, with its

haxima corresponding to those of the U.V. excited L.E.S. observéd

'in other crystals. Figure 5.4. shows the U.V. and A.S. exocited
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green edge emission of a crystal in which the U.V. excited emission

was dominated by the L.E.S. The slight shift of the A.S. excited

- gseries to longer wavelengths compared with the U.V, excited L.E.S.,

the narrowness and bottoming of the A.S. excited series were typical
cheracteristics of the A.S. emission. This figure also demonstrates
that the L.0. phonon energy involved was the same for both methods
of exoifation, and that the distribution of the phonon componepts of
the A.S. excited emission could also be described by a Polsson
distribution with the same mean number of emitted phononé as the
U.V. excited emission. Figure 5.5a illustrates how the subtraction
qf the zero order phonon compoﬁents of the green edge emission of the
A.S, excited series from the U.V. excited spéctrum can be used to
estgblish the existence of the H;E.S., when both L.E.S. ana H.E.S.
were approximately equal intensities in the U.V. excited emission.
The effects of varying the intensity of the U.V. and A.S.
excitations is well demonstrated by comparing figures 5.5a and 5.5b.
The intensity of the U.V. excited emission is directly coﬁparable'
with the intensity of the A.S. excited emission for both the 100 %
excitation intensity, figure 5.5a, and the 10 % excitation intensity,
figure 5.5b, emission spectra. However the emission intensities of
figure 5.5a are not directly comparable with those of figure 5.5b.
The reduction in the intensity of excitation resulted in the shift
of the A.S5. excited series to longer wavelengths. In figure 5.5 '
the shift of the maximum of the zero phonon component of the A.S.
exciﬁed emissién was fioilflao to'51908 as the e;citation intensity
was reduced by an ordéf.of magnitude. The‘shiff, observed in the

emission of another crystal,‘is illustrated more clearly in figure 5.6..

.The shift indicates that the recombination mechanism which was
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responsible for the A.S. excited series is the same as that
responsible for the U,V. excited L.E.S.. However, the energy sﬁift
of the zero phonon maxima per order of magnitude change in the
excitation intensity was approximately 10 to 100% larger than the
shift observed under U.V. excitation. In figure 5.5, the intensities
of the 100% U.V. excited and 100% A.S. excited emissions were

approximately equal. At 10% excitation intensity the U.V. excited

- series was more intense than the A.S. excited emission, indicating

a difference in the excitation intensity dependence of the two
series. A typical example of the excitation intensity dependence
of the peak height of the zeio-order phonon component of the A.S.
excited series compared with that of the U.V. excited dependence

is shown in figure 5.7. The intensity dependence indices of the
U.V. and A.S. excited emissions of this crystal were 0.82 ¥ 0.03
and 1.2 ¥ 0,2 respectively. Averaged over four crystals the indices
were‘0.95 ¥ 0,05 and 1,23 ¥ 0.04 for the U.V. and A.S, excited
emissions respectively, One "unusual"” crystal showed an intensity
dependence which was strongei than that'obaerved in other orystals.
Curves "a" and "b" of figure 5.8. show the dependence of the héight
of the zero phonon component of the U,V. and A.S. excited emissions,

respectively. The indices obtained were n (AS) = 1.89 £ 0.09 and

n (OV) = 1,12 £ 0,07, .The results "c" were obtained by measuring the’
“M"total edge emission output” at low intensities of excitation,

. using two OR2 plus two HAl filters in the exciting beam. The "total

edge emission output" was the signal produced as a result of the
A.S. excited emission passing through a three inch cell containing
a saturated solution of copper sulphate before falling on a

photomultiplier, Tbe copper sulphate cell was capable of absorbing
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all the exciting beam, whilst allowing sufficient green radiation
through to allow the measurement of & variafion of three orders of
magnitude ;hange in light intensity. The index obtained from this
' ﬁeasurement was n (AS) = 2.08 ; 0.04, in good agreement with the

value obtained by the cohventiénal peak heighf method, and which

was performed at a higher excitation intensity and included infra-red
radiation in the exciting beam,

Discussion

The shift of the A.S. excited green emission spectrum to longer

wavelengths as the intensity of the excitation was reduced indicates
that the recombination process is the same as that in the U.V.

excited L.E.S., namely the bouﬁd-to-Bound transition. As in the
.case of the U.V. excited emission, the position of the maximum of

the zero-phonon component varied from crystal to crystai. However,
fhe variation in the position of the maximum in different crystals
cannot be taken as an indication of a variation in the donor or
acceptor ionisation energy for the following reasons 7

(a) the bound to bound nature of the recombination results in the
variation of the position of the maximum with the intensity of excitation,
(B) the variation of the ratio of the intensities of the U.V. to A.S.
excited emissions from crystal to crystal indicates a variation in the
efficiency of the excitation process - (this is described in section 5.4.)
The larger shift of the zero phonon maximum per order of magnitude |
.change in excitation intensity, the lowei energy of the zero phonon
maximum and the narrower nature of the emission components of the

A.S5. excited emission compared with the U.V. excited emission are
consistent with the recombination haviﬁg taken place between donors

and acceptors with a greater separation than those involved in the
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U.V. excited L.E.S. recombination process. It was concluded that the
same donors and acceptors are involved in the U.V. and A.S. excited'
L.E.S. recombination processes, but that the separation of the pairs
of the recombination are greater in the A.S. excited process.. Thus

& larger volume of the crystal was probably involved in the A.S. -

excited recombination, which is consistent with the fact that the "red"

éxciting radiation would be able to penetrate the C4S crystal to a
much greater depth than the U.V. excitation before being absorbed.
The absorption coefficients corresponding to "red" and "band gap"
excitation are of the order of 1 and 10° respectively (2,3).

" A crude theory of a two step excitation process requires that
the intensity dependence of the A.S. excited emission should follow
a8 square law, An intensity dependence index of two was observéd in
an "unusual" crystal, however the index normally observed was
approximately l.2. This suggests'thaf more than one excitation
" mechanism may be operative in the majority of ¢rystals. The .
possible transition involved in the excitation, and possible reasons
for the appearance of only the L.E.S. under A.S. excitation will

be proposed in chapter eight.

5¢3.3. Blue Edge Emission.

Blue edge emission was observed in several undoped crysials
at liquid helium temperatures undexr A.S. e#oitation. The intensity ’
of the emission was weak, and it was necessary to increase the _
bandwidth of the Optica in ordexr to obtain a reasonable spectrum{‘

As a result, no sharp exciton-like lines were observed. Similax
difficulties were experienced with the U,.V. excited blue emission
at low excitation intensities. The A.S. excited blue emission

observed in soﬁe'crystals was not resolved into meaningful maxima,
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but consisted of a broad step running into the rising edge of the
green emission. The emission observed in three other crystals
showed distinct maxima and will be described more fully.

Figure 5.9. shows the U.V. and A.S. excited blue emission
spectra of a crystal grown at 1075°C with a "sulphur tail temperature"
of 50°C. The partial pressure due to the tail temperature was less
than that due to sulphur over the growing CdS. The U.V. excited
blue emission spectrum contained both the I1 and 12 bound exciton
emigssions. The principal maxima of the A.S. éxcited blue emission
were at approximgtely 4920 and 50103. Similar A.S. blue emission
maxima, figure 510, were observed in a orystal grown at 1150°c
under & sulphur pressure of 12mm,, appfoximately less than or
equal to the sulphur partial pressure over the'growing cdas.

The U.V. excited blue emission of this crystal was dominated b& :

the I1 bound exciton emission, The U.V. excited green emission
spectra of the crystals oflfigures 59. and 5.16. were both dominated-
by the H.E.S. emission, however the asymmetry of the components
indicated the prestence of L.E.S., emission. In both crystals,

the intensity of the A.S. excited blue emission was approximately

two orders of magnitude lesé intense than the A.S. excited green

emission. /
Figure 5.11. shows the.U.V. and A.S. excited blue emission

spectra of a orystal grown at 1100°C under an exoess_cadmium pressur;

of 180mm.. The U.V. excited emission was completely dominated by

I2 emission, .The U.V. excited exciton eﬁission of this erystal

was resolved using the spectrograph,.see'chapter four, ahd contained

peaks designated 15 and Ig + L.0O.. The corresponding maxima were

located at approximately 4916 and 49908 as determined with the .
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spectrograph, and at approximately 4920 and 50003 as recorded by
‘the spectrophotometer. The intensity of the U.V. excited gregn
emission of this crysfal was very low. The intensities of the A.S.
.excited green and blue emissions were approximately equal.
Discussion

Comparing the spectra. of figure 5.11. it appears tﬁat the A.S.
excited emission of this crystal may be associated with the I;
and I; + L.0. emissions, and possibly the first and second L.O.
phonon replicas of the 12 exciton. Similarly the emission maxima -
at approximately 4920 and 50008 in figures 5.9. and 5.10. are |
probably associated with I§ and IE + L.0. emission., The spectrographic
analysis of the U.V. excited emission showed that the Ig "peak"

" consisted of several maxima which could be assigned to the emission
of photons which had resulted from excitons bound to the neutral
donors losing some of their recombination energy in raising the
donor electron to different excited states of the -donor., Because
of the broad nature of the recorded maxima of the A.S. excited
emission, and the abs;nce of a spectrographic récording of the-ﬂ
emission, these assignments are rather tentative.

It is significant that the intensity of the L.E.S. of the U.V.
excited emission was low compared with that associated with other
recombination processes ih all the three_crystals.in which excitons
were observed in the A.S, excited emissions. fhe intensity ratio
" of the H.E.S. to L.E.S. of the U.V. excited green emission of the two
crystals whose spectra are illustrated in figures 5.9. and 5.10.
was approximately two. In contrast, the intensity of the U.V. excited
12 exciton emission was approximately two orders of magnitude

greater than the intensity of the first component of the B.V. excitedf
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L.E.S. It was concluded, therefore, that A.S. excited blue emission
is only observed in crystals in which the normal L.E.S. recombination
process ié inefficient compared wifh the H.E.S. or exciton
recombination processes. Because of the low intensity of the emission,
no intensity dependence measurements could be obtained.

5.4, Effects of qiystal growth conditions upon A.S. excited emission

Figure 5.12, illustrates the way in which the relative intensities
of the U.V. and A.S, excited green edge emisaions varigd in undoped
crystals grown under different partial pressures of cadmium and
sulphur. The ratio of the intensities of the. A.S. to U.V. excited
L.E.S. is also shown. The intensities of the A.S. excited emission
foliowed reasonably closely the same trends as the U.V. excited
L.E.S... . However, the plots of the ratio of the A.S. to U.V. éxoited
L.E.S. intensities were not straight horizontal lines. As the
excess sulphur pressure was increased aﬁovéIIOOmms., the A.S. to U.V.
ratio decrease&. For excess cadmium preséures above about 10mms., the‘
A.S. to U.V, ratio decreased. Although there were differences in

the actual intensities of the componehts of crystais grown under
“excess sulphur pressure in which the CdS was maintained at 1150 and
1125°C during growth, the same trend waﬁ observed in the ratio of

the A.S. to U.V. excited L.E.S. intensities. | ,

The erystalsgrown with the CdS held at 1075°C, one under IBOmm.-/
cadmium pressure, the other under 150mm. sulphur excess pressure,
showed higher A.S. to U.V. intensity ratios than the crystals
which haﬁ been grown under thé Same excess pressures, but with the
CdsS at higher temperaturés. However, the U.V. excited emission of both
-1075°C érystals showed a very ﬁeak exciton.emission compared to-

those grown at the higher temperatures. This is the reverse of the
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effect mentioned in the precerding section, where A.S. excited exciton
emission probably appeared because the L.E.S. recombination process
was so inefficient compared with exciton recombination. The crystal -
growvn under 12mm., sulphur pressure, which showed A.S. excited blue
emission, was one of those used in the compilation of figure 5.12.

If the A.S. excited carriers had recombined via fhe bound to bound
rather than the exciton process, the A.S. tp U.V. intensity ratio

may have shown a more emphasised decrease with increasing sulphur
pressure,

Anti-Stokes excited green edge emission was detected in the
crystals supplied by A.E.I.Ltd. and Hull University. The.intensity
of the A.S. excited emission was almost the same as that of the U.V;
excited L.E.S. emission in two crystals. The emission characteristicﬁ

were the same as those of crystals grown at Durham, and some A.S.

excited blue emission was detected in one crystal. These observations

indicated fhai the A.S. excitation of edge emission is an effect
observable in CdS crystals other than those grown at Durham, possibly
involving a native defect. This was further supported'by the increase
of the A.S. to U.V. excited L.E.S. emission inténsity ratio by af
least two orders of magnitude in a Durhaﬁ crystal, initially grown

under a high excess cadmium pressure, which had subsequently been

treated at 800°C for three hours under a pressure of sulphur Of‘ : /!

180 torr.

Discussion

The decrease in the A.S. to U.V. excited L.E.S. intensity
.
ratio with increasing pressure of either cadmium %f sulphur may be

explained in terms of a reduction in the overall efficiency of the

" excitation process, or an increase in the number of alternative
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recombination mechanisms. It appears that the.alternative green
 edge recombination process, the free to bound transition, is in

some way "forbidden" under A.S. excitation or requ;res higher input
.powers than were available. The observation of the 15 emission in
the absence of the bound exciton (12) emission itself implies that
complex recombination selection rules may be operating in the blué
emission excited by A.S. radiation. The efficiency of this
reocombination process is certainly very low judging by the absence
of A.S. excited blue emission in crystals which had intense U.V.
excited blue emission. Recombination via mechanisms other than
‘band edge processes, either rediative or non-radiative, may certainly
be effected by growtﬁ conditions. For example, the drop in the A.S.
to U.V. ratio above about 10mm. excess cadmium pressure is probably
due to the onset of the red (2;0 eV, 0.62 microns) recombination
process observed in the U.V. excited emission of "cadmium rich"
crystals. reported in the precegding chapter. A donor-acceptor - -
associate (DAA) model has been suggested to describe the emission

and absorption processes in the 2.0 oV region (4,2). Goede (4)
| observed two emission bands, one was ascribéd to éadmium vacancies
with donors substituted on nearest neighbour sites forming singly
ionisable acceptore.(VCd.D)', the other to cadmium interstitials with
acceptors substituting on nearest neighbour sites forming singly
ionisable donors (Cd; 4)° . To explain the results of the
variation of the A.S. excited green emission intensity with crystal-
growth conditions, a model involving a doﬁor acoeptor associate
level will be used, see chabter eight.
¢3¢ Summary

The single green edge emission series of CdS crystals at
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liquid helium temperatures obéerved under A.S. excitation is
attributed to the L.0O. phonon assisted recombination of electrons
bound to donors some 0.03 eV below the conduction band with holes
bound to acceptors some 0.17 eV above the valence band. The
recombination process is similar to that observed in the U.V. excited
L.E.S. emission except that the separation of the donor-acceptor |
pairs is assumed to be slightly larger in the A.S. than the U.V,
excited emission, probably as a result of. the higher absorption
coefficient at the shorter wavelengths., Evidence for the greafer
separation is the larger energy shift per order of magnitude

change in excitation intensity, the lower energy of the zero phonon
‘maximum and the narrower nature of the emission components of the
A.S. excited emission compared with the U.V. excited emission.

The blue edge emission observea in several crystals is
att?ibuted, by comparison of U.V. and A.S. excited emission spectra,
to the emission of photons which have lost some of their emergy in
exciting the neutralising electrons of the donors .to which they
were bound. This assignment is rather tentative., However, since
the H.E.S. waé never observed, it seems highly probable that the
same donor levels are invoived in both green and blue edge emissions,

The variation of the ratio of the intensities of the zero

'~ phonon components of the A.S. to U.V. excited L.E.S. emission with the

/
4 .

conditions under which the crystals had been grown indicated that
there was a dependence upon the constituent pressures., The effects
and mechanism of other competing recombination processes must not
be forgotten when considering the excitation mechanisms, This will

Be be discussed in later chapters.

The green emission excited by A.S. radiation may be observed
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from a suitable C4S crystal immersed in liquid nitrogen and irradiatéd
by an OR2 filtered microscope lamp. The green can be resolved from
the red by the naked eye generally, however an auxiliary copper _
sulphate filter was helpful-occasionally, The incorporation of
suitable dopants increased the "efficiency" of the process, as
described in the next chapter. The external efficiency, which
relates the number of photons incident and the number emitted, of
Durham grown crystals was determined by Brown et al. (5), at
Christchurch, to be some one percent.- The H;E;S.rwas'observed
in the A.S. exéited emission of several CdS crystals at liquid

helium temperatures by the workers at Christchurch. They suggested -

_ that these crystals were more pure than those in whiéh_the L.E.S.

"emission was the more intense emission.
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- excess pressures of cadmium or sulphur during crystal growth were

. emission of doped crystals differed from those of undoped crystals
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CHAPTER 6

EDéE EMISSION OF DOPED CADMIUM SULPHIDE CRYSTALS

6.1. Introduction

The U.V. and A.S. excited edge emissions of aluminium,
antimony, chlorine, copper and sodium doped cadmium sulphide crystals
measured at liquid helium temperatures are described in this chaﬁter.
The dopant, in suitable form, was added to the cadmium- sulphide
charge piior to the growth of the boule., The materials used were
aluminium, antimony, cadmium chloride, cuprous sulphide, sodium and

sodium sulphide. The effects upon the edge emission of maintaining

compared for aluminium, chlorine and copper doped crystals. Unless
otherwise specified, the . crystals were all grown with the upper
furnace oontrol set at 1150°C.

The edge emission characteristics of deliﬁerately doped
cadmium sulphide crystals were essentially the same as those of -
undoped crystals. There were changes in individual components in
certain cases. For example, the green emission of sodium doped
crystals was mach broa&er than the emission of undoped crystals
growvn under similar conditions.- The exciton emission of doped . - |
crystals was often so weak that it could not be resolved into
individual components. However, some doped crystals showed well
resolved exciton emission; so that absgence of exciton emission in
barticular crystals probably indicated poor crystal quaiity, The é

intensities of the components of the A.S. and U.V. excited edge

grown under the same conditions.- This indicated that the dopant

was incorporated in the crystals.
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The relative intensities of the peak heights of the major
components of the U,V. and A.S. excited edge emission of doped
crystals are compared with those of undoped oxrystals grown under
similar conditions in Table 6.1. The table, which was compiled from
the recordings of the spectrophotometer, provides the quantitative
basis of this chapter, The emission characteristics are Aescribed
and discussed in sections which deal with the individual dopants.
In order to facilitate the presentation, the cryétals will be
referred to as (X,Y) and "undoped", where X was the dopant element,
Y the element of the excess pressure during growth and "undoped"
refers to the crystal or'crystals grown under siﬁilar conditions
without the addition of any deliberate dopant.

6.2. Aluminium doped crystals

Two aiuminigm doped crystals were studied, the (Al,Cd) sample
was grown under a low pressure of cadmium, and the (Al,S) one under
a high pressure of sulphur. It was hoped that these growth conditions
would allow the aluminium to substitute for cadmium, and form &
donor. The U.V. excited emission spectra of these two crystals were
different from one another, and their undoped counterparts. The
presence of the H.E.S. was more obvious in the (A1,Cd) orystal

than in the (Al, S) crystal, although the two L.E.S. emission peaks

were approximately equal. The blue edge emission of the (Al,Cd)

crystallwas dominated by 12 exciton emission, with the first

longitudinal optical (L.O.) phonon replica of the I. exciton rising

1

. above the broad background emission., This background was probably

due to the I1 exciton, the I% emission and L.O. phonon assisted 12

emission. The exciton emission of the (AI;S) crystal, which was a

broad peak at 49008 (308 wide at half height), was not resolved




Table 6.1. A comparison of the emission intensities of doped and

undoped cadmium sulphide crystals. (The dopant concentration,
in p.pom. atomic, was that calculated from the proportions by weight
of the dopant element to the CdS charge. - - 0.07- - 1indicates a

broad emission band with a maximum emission intensity of 0.07)

PCd or PS Dopant {U.V. Excited emission A.S,; Excited
Mo Of Hg popome Il 12 I-;2(' I{oE.S. LcEnSo LnEoSo Blue

(erystel no.)|

s 12 (1) |- - 3.0 0,05 - |85 26 6.3 0.08
S 12 (179)|Cu 180 |0.3 132 0.3|2,7 22,6 | 9.8 0,05
S 150 (80) |- - 1.6 100 1.6|12 24 3.7 -
S I50 (155){Cu 36 |- = 0.16- ~ {3.,7 25.8 |45.8 -
S 150 (153){C1 13 |- - 0.02- - |5 126 | 85 -
S 760 (94) (= - |5 1.9 - |[13 52 | 2.0 -

S 760 (104)| A1 3500{ - - 0.62- - |3,6 21.9 | 6,0 -
S 760 (135)|Sb 714 |- - - |2 19.3 | 16,7 -
S 760 (120)| N2 1850 - - 0.02- - |13 82 2 -

cd 0.3 (78) |- - |48 100 2.6|22 2.6 0,17 -

cd 4.5 (109)| A2 3000[0.2 3.7 0.2|11 22 0042 =

cd 30 (127)| - - |2.4 130 1.2{1.6  11.2 |2.1 =
cd 180 (129)|- - |1 480 1 |0.65 65 |1.8 -
Cd 180 (154)|C1 13 |- - 0,07- - {0.35 7.7 |14l -
Cd 180 (152)jCu 22 |- = 0ol = - 0.3 14 29 -

Cd 180 (I77)[Cu 180 |1 168 7.3({0.11 2.0 {0.42 0,14
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into components because of its weak intensity. The emission was
probably largely due to I1 exciton recombination, although only a
weak first L.O. phonon replica was observed. The intensity of the
A.S. excited L.E.S. of the (A4l1,S) crystal was approximately ten
times that of the (A1,Cd) crystal. There was no A.S. excited blue edge
emission detected from either of the aluminium doped crystals.

No measurements were made upon an undoped crystal grown under
exactly similar growth conditions to the (A1,Cd) crystal. However,
_ in comparison with those grown under comparably low cadmium pressurés,
the intensity of the U.V. excited exciton emiésion was lower, ahd
probably as a consequence, the green emission intensity was higher in
the doped crystal. The A.S. to U;Vm excited L.E.S. emission intensity
ratio of the (A1,Cd) crystal was less than that of the undoped crystals.
(This was the only case recorded where the addition of a deliberafe -
dopant to the starting charge had a possible adverse effeét upon
the A.S. to U.V. intensity ratio.) The intensity of the A.S. excited
emission of the (Al1,S) crystal was approximately three times that
§f the undoped crystal. The A.S. to U.V. intenéity ratio was
'_'increasgd by-gpproximately an order of'magnitude as a result of
tﬁe addition of the dopant.

6.3. Antimony doped crystal

’

Oply one antimony doped crystal was studied, which was grown L
under an excess sulphur pressure, (Sb,S). If antimony substitutes -
for cadmium, it would probably be trivalent and act as a single |
donor, using two of its three 5p electrons to satisfy lattice

bonding requirements. The two 5s electrons would remain ineffective.

The orystal was a brownish-yellow colour, having a resistivity of

the order of 1030hm.cm.. No blue emission was detected iﬂ either the
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U.V. or A.S. excited spectra. This was probably a result of poor
crystai quality, as will be discussed in the summary at the end of
this chapter.

Figure 6.1. shows the relative intensities of the A.S. and U.V.
excited green emission of the (Sb,S) crystal. The L.E.S. dominated
the U.V. excited emission,_which was sharper than the A.S. excited .
emission although the A.S. excited. emission was clearly shifted
to longer wavelengths. This is unusual., Figure 6.2. shows the shift
of the A.S. excited green emission series to longer wavelengths with
reduced excitation intensity. The shift to lower energy of the
. zero phonon peak of the green emission per order of magnitude
decrease in excitation intensity was 2.9 meV under U.V. and 5.3 meV
under A.S. excitation. The larger shift under A.S. excitation indicates
that recombihation was associated with distant pairs having a greater
'separation than those under U.V. excitation., The unusual feature
that the A.S. excited series was broader than the U.V. excited series, |
despite the lafger shift of -the A.S. series, may have been associated
with a chﬁnge in the coulombic nafure of the donor under A.S.
excitation, as discussed in the summary. The intensity dependence
indices (n) for the U.V. and A.S. excited zero phonon peaks were
0.96i 0.0l and 1.21% 0.04, respectiveiy.

The intensity of the U.V. excited green emission of the
undoped crystal grown under corresponding conditions was approximately
three times the intensity of the (Sb,S) crystal. . Thé intensity of
_the A.S. excited emission of the doped crystal was approximately
eight times that of the undoped crystal. This indicated ihat the
addition of antimony to the starting charge of the growth system

had improved the A.S. to U.V. intensity ratio by a factor of
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approximately twenty.

6.4, Chlorine doped crystals

Two chlorine doped crystals were studied, (Cl,Cd) and (C1,S),
grown under excess pressures of approximately 180 and 150 mm,of
cadmium and sulphur respectively. The U.V. excited blue emission
of both crystals was weak. The blue emission of the (C1,Cd) crystal
was the most intense, and was recorded as a broad band (402 at half
height) centred at approximately 48852.. The green emission of both
crystals was dominated by the L.E.S;, although the zero order phonon
peaks of the (C1,Cd) and (C1,S). crystals were observed to be at
approximately 5189 and 51748; respectively while the A.S;_excited
peaks were at 5188 and 51778 respectively. However such small
differences in the position of the maxima.of continuously excited
photoluminescent spectra-cannot be taken as positive variations
in the ionisation energy of a carrier as has been mentioned in
preceeding chapteré.

The intensity of the U.V. excited green emission of the (Cl1,S)
crystal-was greater than that of the undoped.and (C1,Cd) orystals,
see table 6.l1.. The intensity of the U.V. exéited green emission
of the (C1,Cd) erystal was less than that of the undoped crystal.
However, the intensity of the A.S. excited emission of the (C1,Cd)
crystal was about twenty times the intensity of the U.V. excited
emigsion, and mofe intense than the U.V. excited emission intensity’
of the (Cl;S) crystal. This implies that the cadmium atmosphere
had assisted the incorporation of chlérine on sulphur sites, and
that the resultant donors are closely associated in some way with

the level_responsib;e for the A.S. excitation mechanism.

’
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656 .Copper.doped crystals

Two sets of crystals were studied which had been deliberately
doped with different conéentrations of copper. The low concentration
set (30 pepe.m.) wiil be considered firstly. The U.V. excited blue
emission consisted of broad, low intensity bands centred at 4885
and 48908 for the (Cu,Cd) (No.152) and (Cu,S) (Ne.155) crystals-
respectively. There was no blue emission detected under_A.S.

- excitation. The L.E.S. dominated ;11 green edge emission spectra.
The intensity of the U.V. excited green emission of the (Cu,Cd) crystal
was less than that of the undoped crystal, whereas the intensities
of the (Cu,S) and undoped crystals were ddmparable. (This was
probably due to the tendfincy of the cadmium atmosphere to inhibit
fhe formation of native acceptors). The intensity of the A.S.
excited green emission of the doped cxysfals was at least an order
of magnitude greater-than that of the undoped crystals. Thus the
A.S. to U.V., ratio was congiderﬁbly improvea by light copper doping,
and was slightly higher in the (Cu,Cd) orystal, probably due to the
growth conditions favouring the autocompensatory formation of
donors, see chapter eight.

The U.V. excited emission spectra of both heavily doped
crystals were dominated by I, exciton emission, see figures 6.3

and 6.4(a). The (Cu,S) crystal (No.179) was grown under a sulphur
y
pressure which was less than the sulphur partial pressure above '

the CdS charge. The pressure, 12mm, was probably insufficient to
prevent the autocompensatory formation of donors (12), resulting
from the introduction of the large number of copper acceptors. The

I, emission line of the (Cu,S) crystal, figure 6.3, was more intense

than that of the (Cu,Cd) (No.177) crystal, figure 6.4(a). 1% emission
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maxima were ?eéolved in the microdensitometer recordings of the
spectra from both crystals. The I, and Ig emigsion intensities

vere more intense in the (Cu,Cd) crystal. The U.Y. excited green
emission spectra of both doped crystals were dominated by the L.E.S.,
with the H.E.S. being more obvious in the (Cu,S) crystal. The
intensities of the U.V. excited green emission spectra of the doped
crystals were less intense than those of the ﬁndoped crystals. No
difference was observed in the positions of the blue or.green
componenfs of the copper doped crystals compared with those of
undoped crystals,

The A.S. excited émission spectra of both of the heavily doped
crystals showed both green #nd blue edge emission. Figure 6.4(b)
shows the A.S. excited green emission of the (Cu,Cd) (No.177) crystal,
as recorded by the spectrograph. The complete spectrum, as pecorded
by the spectrophotometer, is shown in figure 6;5. The emission
spectrum Qf the (Cu,S) (No.179) crystal was similar, however the
intensity of the blue edge emission was weaker while that of the green
emission was stronger than the respective intensities of the emission
of the (Cu,Cd) crystal. As with the blue emission of undoped
crystals excited by A.S. radiation, the intensity was too weak
to enable the precise nature of the emission to be reéolved, and the

2 2

comparison of the spectra obtained under the two different excitation

maxima have been assigned to I% and I¥ + L.O. emission by K

cbnditions. This tentative assignment is supported by the fact
that the exciton emission was more intense in the (Cu,Cd) than.the
~(Cu,s) crystal, which is consistent with the fact that, under U.V.
excitation, the Ig'emission was most readily observed.in uhdoped

crystals grown under excess pressures of cadmium vapour.

————

ey,
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Because the blue emission provides a competitive recombination
process for the A.S. excited electrons and holes, the A.S. to U.V.
excited emission intensity ratio was iower in the heavier dgped
.erystals compared with that in the more lightly aoped samples. At
both doping levels, the most intense U.V. and A.S. excited green
emission was observed in the crystals which had been grown under
an excess pressure of sulphur. The intensities of the U.V. excited
green emission of both the (Cu,S) crystals were approximately
equal to those of the corresponding undoped crystals. In contrast,
the intensities of the U.V. excited greén emission of both of the
'(Cu,Cd) were less than those of the undoﬁed crystals. The A.S. to
U.V. intensity ratio was increased by copper doping. The largest .
ratios were obtained in the crystals with the lower doping |
concentrations, which were of pdorer crystalline qualit& vhich
reduced the gfficiency of the potentially competitive exciton
recombination processes. |

6.6. Sodium doped crystals

It was found that the silica growth tubes wére very easily.'
attacked by sodium dﬁring the course of a growth run. fo mninimise
the attack and possibility of oxidation, growth was carried out
very rapidly and consequently the resultant "boules" were small.

Three sodium doped crystels were studied which had been obtained

,

. using the normal growth technique, while a fourth was post-treated,f
in sodium vapour. The characteristics of the emission described
below and recorded in table 6.l. are typical of those observed

.in all four crystals. The particular crystal described was grown
under an excess sulphur pressure of approximately one atmosphere.

The blue edge emission excited by U.V. radiation was weak and
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broad. No blue emission was detected under A.S. excitation. Figure 6.6.
shows the spectral émission distribution of the U.V. and A.S.
excited green edge emission of the sodigm doped crystal. The most
unusual feature of the edge emission of sodium doped crystals of
cadmium sulphide was the broad nature of the A.S. excited emission.
Similar broad spectra were observed in other crystals when it was
necessary to increase the bandwidth of the instrument to obtain
a reasonable recording. However the emission intensity of the sodium
doped crystals was sufficient to allow a relatively narrow bandwidth
to be employed. The shape of the spectrum is not unlike the form

of the green edge emission of CdS at liquid nitrogen temperatures.

-Thus the sodium doped crystals appéér to interact with acoustic.

phonons more strongly under A.S. excitation than under U.V.
excitation; since the U.V. excited spectfa wvere notlin'any way'so
unuéual. - |

The intensity of the green edge emission excited by U.V..
radiation for the sodium doped crystals was greater than that of the
corresponding undoped crystals. The intensity of the A.S. excited
emission of the doped crystal was approximately equal to that of
the undoped crystal. Thus the A.S. to U.V. emission intensity ratio

was not increased by doping with sodium. This fact and the unusual

- shape of the A.S. excited spectra support the hypothesis that the

sodium ion, substituting on a cadmium site, reduces the number of
cadmium vacancies, but at the same time can create an acceptor. The

result is that (1) the intensity of the U.V. excited green edge is -

only slightly modified, since new acceptors replace the old,

(2) the efficiency of the A.S. excitation is reduced since the"

concentration of cadmium vacancies (which are believed to be
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associated with the excitation mechanism) is reduced.

6.7. Further properties of the crystals

This section describes some interesting results obtainea by

my coll%%ues #n the Department of Applied Physics. The results
-appertain to doped and undoped crystals. Table 6.2. shows the
pertinent results of tbe mass spectrometer analysis of four doped
crystals, work performed cutside the University. The level of the
particular element of the deliberate dopant was significantly greater
than the level found for that element in other doped (and undoped)
crystals, for example see the antimony doped crystal. The results
regarding other "difficult" elements must be viewed-with caution, for
example the level of chlorine in the four crystals. The silicon
content was also alarming in certain crystals, however in the case

of the antimony doped sample, the result_was probably due to the

fact that the crystal was small and the sample for analysis came
from close to the wall of the growth tube.

The. resistivity of crystals grown from material which
contained aluminium, chlorine and antimony as deiiberate dopanfs_'
wvas less than or of the order of 1030hm.cm.. Copper doping resulted~
in photoconductive crystals. Sodium doped crystals were less
photosensitive and had a high dark resistivity compared with the
copper doped crystals. Infra-red emission bands having maxima at

2.04. and 2.35 microns were observed from sodium doped crystals,'

~ which also showed unusual thermally stimulated current curves

suggesting a continuum of traps from 0.2 to 0.8 eV below the
conduction band.
The comparison of the intensity of the exciton emission with

the magnitude of the Hall and drift mobilities of three, nominally

)



Table 6.2.

The results of a mass spectrometer analysis of four

doped CdS crystals, concentrations in p.p.m.. Not all the

elements listed in the original table have been included.

Element | Deliberate dopant and crystal number

detected | COPPER(182) | ANTIMONY(134) | SODIUN(121) | CHLORINE(154)
Na . 0.4 0.4 1.8 0.1
Al 0.2 <0.2 0.3 0.2
si 4 600 <3 <2
P 0.06 0.6 0.12 0.02
cl 0.6 3 1.5 1
X 0.1 0.4 "< 0.03 - _-<'6_._02
Cu 0.8 0.2 0.03 0.02
Zn < 4 <4 9 <4
Ca < 0.04 0.6 < 0.1 1

In <o0.2 2 0.09 <o..o6

Sb <0.04 1.2 < 0.06.

| <0.04
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undoped, A.E.I. crystals suggested a correlation between these
quantities. The mobility decreased as the intensity of the exciton
emission, relative to the standard settings of the spectrophotometer, .
decreased. Similarly a low drift mobiiity was observed in a copper |
doped crystal'(no.l55) having a relatively low intensity exciton
‘emission. The possible correlation, which néeds further experimental
verification, may indicate that a decrease,in the crystal quality
was responsible for the decrease in these measured values.

6.8. Summary and Conclusion

The comparison of the relative intensities of the components of
the edge emission of the doped crystals with those of undoped -
crystals, table 6.1., and the mass spectrometer analysis, table 6.2.,
indicates that.the deliberate addition of a dopant to the starting

charge of the boule growth system resulted in the incorporation

_ of the dopant in the resultant crystal. The resistivity of the

doped crystals supports this conclusion.

The exciton excited by U.Vf radiation was resolved in three
doped_crystals only, two with copper and one with aluminium as the
dopant elements. The blue spectrum of these crystals was dominated-

and I%,

by the Iz and I; emissions. The donors, associated with I 5

2

probably originated from the autocompensation of the copper impurities _

and from the substitution of aluminium ioms on cadmiunm 1attice'sitesg;

There were no observable differences in the positions or shapes ofﬁfhe
U.V. excited exciton emission éf the doped crystals compared with

that of the undoped crystals. The exciton emission of other doped
crystals excited by U.V. radiation consisfed of a broad unresolved
band. The absenpé'of regolvable ;xciton emlssion was regarded as

indicating poor'crystal quality., Exciton emission, assigned
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tentatively.to the I; process, was observed in both the copper
doped crystals under A.S. excitation.
The intensity of the green edge emission of doped crystals
excited by U.V. radiation was on the whole less than that of

undoped crystals, with the following exceptions.

(1) The chlorine doped crystal grown under an excess pressure of

sulphur vapour, which probably favoured the formation of the cadmium

Vacancy-chlorine donor complex. It will be proposed in chaptexr
‘eight that this donor-acceptor associate, which occurs as a singly
ionisable acceptor, is the acceptor associated with the I1 exciton

and the green edge emission, If this proposition is correct, an

. inerease in the intensity of the green edge emission of this doped

crystal would be expected.
(2) The aluminium doped crystal grown under a pressure of cadmium
which was less than the pressure of cadmium above the CdS in the

growth chamber, These growth conditions probably favoured the

formation of cadmium vacancy-sluminium donor complexes, which

would act as singly ionisable acceptors and may also be associated

_with the green emission as suggested above.

(3) The sodium doped crystals were slso efficient emitters of

green edge emission, A sodium ion substituting on a cadmium site acts,

1

as a singly ionisable acceptor which may be-associated with the

increase in the efficiency of the green edge emission. The L.E.S.

was always present in the green emission which indicates that some

donors may have been introduced into the crystal by the autocompensatioh
mechanism. The suggestion that sodium impurities give rise to a
new acceptor which is involved in the green emisgion may explain

the unusual nature of the green emission excited by A.S. radiation
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in the sodium doped crystals. Stronger acoustic phonon_cooperation
associated with the sodium acceptor is also a possible explanation.

There were no observed differences in the shapes or positions
of the U.V. and A.S. excited green emission of the.doped crystals
compared with the emission of the undoped crystals with the
exception of the sodium doped crystal, just mentioned, and the
antimony doped crystal. The unusual feature of the antimony

doped crystal was that the components of the green emission spectrum

excited by A.S. radiation were bhroader than those excited by U.V.

radiation. An explanation of this effect could have been that the

_separation of the donor and acceptors involved in the recombination

was smaller in the case of the A.S. excited emission than in the U.V.
excited emission, were it not for the fact that the maxima of the
A,8. excited series were to the long wavelength side of the maxima
of the U.V._exqited series which indicates that the separation
is larger. Bearing in mind the unuéual nature of the core of the
proposed antimony donor, it is possible that the A.S. excitation
modifies the coulombic nature of the donpr compared with itg’state
under U.V. excitation, thus the shape of the emission components
is slightly altered. Additional acoustic phonon cooperation
seems an unlikely explanation since it would probably have broadened
the U.V. excited emission aléo.

IThe deliberate introduction of chlorine, copper and antimony ’
impurities resulted in an incrgase in the ratio of the intensities .

of the U.V, to A.S. excited emission compared with the ratio

_observed in undoped crystals. The ratio was also increased in the

case of the aluminium doped crystal grown under an excess pressure

0 :
q; sulphur, Comparing the A.S. to U.V. intensity ratio of doped
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crystals grown under excess pressures of sulphur vapour with those

.growvn under cadmium pressures, it was concluded that (a) excess

sulphur pressure permitted aiuminium ions to substitute for cadmium
to form donors, (b) excess cadmium pressure permitted chlorine ions
to substitute for sulphur to form donérs, (c) excess sulphur
pressure permitted copper ions to substitute for cadmium to form
acceptors. The fact that the intensity of the A.S. excited emission
was greater than the intensity of the U.V. excited emission in two
copper doped and in a chlorine doped sample may indicate that the
centre responsible for the A.S. excitation mechanism is also
associated with the recombination process. The nature of the centre
is changed by the incident radiation in suéh a way that the
recoxbination process becomes apparently more efficient under A.S.
excitation. |

Visible green emission was excited b& infra-red radiation.
incident upon the antimony doped crystal at liquid helium
temperatures. This effect and other infra-red effects observed in

doped crystals are described in the next chapter.'

4
i
e
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CHAPTER 7

ANTI-STOKES EXCITATION SPECTROSCOPY -

T.1. Introduction.
| The intensity of the edge emission varied according to whether
the tungsten lamp excitation radiation was passed through the ORl,
OR2 or 77003 interference filter, It was also observed that certain
crystals emitted green radiation when excited by infra-red radigtion.
In order to establish the energy of the photons iesponsible for the ‘
A.S. excitation of green edge emission, the measurements described
in this chapter were made,

The effects of infra-red radistion upon the intensity of the
green edge emission, measured using the Optica spectrophotometer,

are described first. This dis followed by a description of the

experimental apparafus used to observe the excitation spectra, and

the results obtained from the measurements.

7.2, Single and double beam effects.

The edge emission excited by A.S. radiation, provided by a
tungsten lamp filtered by an OR2 filter, has been described in'ﬁhe
two precelading chapters. The same emission was observed using an
OR1l filter, however the emission intensity was reduced by
approximately 10% using this excitation. The emission intensity
was reduced by a fagtor of‘the order of one hundred when the 77002

interference filter replaced the OR2 filter. This meant that the

luminescence was below the limit of detection in some crystals.

The chlorine doped crystal grown under an excess pressure of cadmlum
when irradiated by infra-red only; using either the silicon, 0.953
or 1.205 micron interference filters, emitted visible green

luminescence., The mqst-intense emission was obtained when the-

\ 7
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0.953 micron filter was used. A Bellingham and Stanley monochromator
was used as the source of excitation for the emission spectrﬁm in an
attempt to establish the excitation spectrum. The results were
inconolﬁsive because the intensity of the emiséion was too low to
lproduce a measurable spectrum on the Optica. However the
monochromator could be uae@ as a source of primary excitation in the
double beam experiments,.

In the case of the chlorine doped sample grown under excess
cgdmium pressure and a copper doped sample grown under excess sulphur
pressure, the green edge emission produced by a primary excitation
of 67003 from the monochromator was enhanced by some 50% when
auxiliary infra-red was focussed onto the'crystal. The 0.953 micron
filter produced the largest effect on the chlorine dobed sample,
and the silicon filter was most effective on the copper dﬁped crystal.
The green emission of the chlorine doped sample gréwn under excess
sulphur pressure also showed infra-red enhancement effects. The 77003
filter produced Iumineécence which was increased slowly by 10%
when 0.953 micron radiation was added.

Thq A.S. emission ﬁroduced by the 77003 excitation of two
sodium doped crystals grown with a low reservoir temperature, was
increased by some.12§% by the addition of any of the three auxiliary
infra-red filters. The only other c¥ysta1 which showed th18'77003
plus infra-red enhancement was "undoped", but grown, under similar
growth conditions, from a.starting material in which the preparative
conditions employed by the manufacturers may have produced sodium
and phosphorus contamination. The 30% enhancement obéerved,
confirmed the suspicion that the starting material was contaminated

in this case. The enhancement is shown in the two superimposed
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spectra in figure T.l. However in the majority of cases, where
the 77OQR excited _emission was detectable, the signal was reduced by
some 50% by the addition of infra;red radiation, ;

The emission intensity produced by OR1l and OR2 excitation

was never increased by the addition of auxiliary infre-red radiation.

it was generally unaffected, but decreased slowly by about some 10%
in some samples, however this may have been a heat;ng'effect. The
removal of infra-red from the exciting radiation of ORl and OR2, by
the introduction of one Chance glass heat absorbing (HAl) filter,
increased the intensity of the emission. Addition bf further

HAl's tended to reduce the intensity of the emission since the

absorption of red by the HAl then became more significant than the

effect of removing further ihfra-red radiatibn. It was concluded that

the effect was largely associated with the infra-red causing the
temperature of the crystal to increase. This was confirmed by.
the decrease in the intensity of the emission, excited by say the
OR2 filtered lamp, to a steady level after initial illumination. The
emission quenching effect of additional infra-red from the .
auxiliary source was approximately doubled when ﬁAl's were used
in conjunction with ORl or OR2,

Resistance measurements were made on several crystals.
Red excitation, provided by ORl and OR2 filtered sources, reduced
the dark resistivity to approximately the same level as that A
observed under U.V. excitation. Removal of the infra-red from
these sources, by HAl filters, inoreased the resistivity.
Simultaneous ir&adiation of the OR+ HAl excited orystal with

auxiliary infra-red reduced the resistivity again, thever only

. slightly.
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Te3.1. The measurement of A.S. excitation spectra

The Optica spectrophotometer is essentially a two component
instrument consisting of a grating monochromator and a douﬁle
beam detection system. The monochromator of the Optica was usea as
the input of the excitation measurement system. The 75 watt tungsten
lamp incorporated in the Optica monochromator was replaced by a
500 watt, 240 volt, tungsten projeotor-lamp, uﬁdezrun at about
220 volts (400 watts), focussed onto the input aperture of the -
monochromator., The arrangement of the experimental apparatus is
demonstrated diagramatically in figure 7.2. .

The output of the monochromator Qas focussed, using a 1Ocm.
focal length bi-convex lens, down a telescopic tube (Aj; through the
cryostat window (number one) onto the crystal. The same metal helium
cryostat was used, as in the emission measurements. The radiation
passing through window number two was focussed, using the telescope-
lens system B, through a 12" diameter; 8 blade chopper (C) and a
#hree inch cell containipg 5 saturated solution of copper sulphate (E)
onto the photomultiplier (P.M.). The copper sulphate cell absorbed
; fhe reflected exciting radiation, except for a small breakthrough
band at 1.05 microns, and transmitted in the green and blue regions
of the spectrum, see figure 3.3. Thus. the cell acted as a broad
band filter transmitting the edge emission of CdS. Dry batteries, -
in a soreened ﬂox, were used as the power supply for the EMI type
6094 B photomultiplier. The series resistor R (1O6ohms) made the
arrangement less lethal., The photomultiplier current was passed
through the resistor R2(104ohms), and the voltage_developed'fed
through the 0.47 microfarad capacitor into the phase sensitive
detector (P.S.D.). ' .
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The reference signal for the P.S.D. was provided by means

of a small lamp and a photoconductive detector (F) which were placed

' on opposite sides of the chopper blade, The source and detector -

were mounted on an adjustable platform, such that the phase of the
reference and signal inputs could be varied by means of the screw G;
The synchronous motor was geared down so that the drive (D) rotated
the chopper at 66 revolutions per second. The P.S.D. consisted of a
Brookdeal (model MS 320) meter unit/ﬁhase shifter used in conjunction
with a Brookdeal (model FL355) lock-in amplifier. The time constant
of the system waé get at zero, The output of the P.S.D, was
displayed on a Honeywell Electronik.class 19 recorder, 10mV full
scale deflection. - i

The orystals were cooled down to liquid helium temperatures
in the dark. The wavelength of the exciting radiation was set at
1 micron, apd the crystal illuminated, The crystal was illuminated
with this radiation for the time required for the recorder chart

to travel one inch, i.e. 20 seconds, and then the wavelength was

adjusted manually, to 0.99 microns. This process was repeated down

to0 0.60 microns in 0.0l micron steps every 20 seconds, to complete -
a run, The mean of .the recorded trace, ignoring the first and '
last tenths of the trace, was taken as the signal corresponding to
a particular wavelength setting in any run.

It was necessary to correct the results obtained for the ‘
spectral response of the exciting iadiation. .It was assumed tﬁat the
output of the detection system was uniform with respect to incident
intensity. To determine the response of the excitation sysfem, a

linear vacuum thermopile replaced the cryostat at the end of the

telescope tube A, Thenputput of the thermopile was fed into a
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Hilger and Watts EAl photo-electric relay, which produced a signal
that could be displayed on a galvanometer. In oxrder to corréct
for the intensity dependence of -the green edge emission excited by A.S.

radiation the galvanometer deflection was raised to the power n,

- where n is the intensity dependence index. No measurement of the

spectral dependence of n was possible because of the lack of

sensitivity of the apparatus; However it had beén reported that

there was no intensity dependence to be observed on similar crystals (1).
Multiplying the corrected intensity by a faotor (wavelength)3 - (1.2_4)2
converted the intensity of emission into "numbexr qf photons emitted |

per unit eﬂergy interval"., The error'bars employed in the graphs
displaying the results arise from the errors invelved in correcting

for the infensity of the exciting radiatioﬂ. The scatter of the

points was taken as an indication of the errors of measurement.

7.3.2. The A.S. excitation spectra obtained

Figure 7.3 shows the A.S, excitation spectra obtained for the
36 p.p.m. copper doped cr&stal grown under an excess pressure of
sulphur (orystal no. 155). The curves (a) and (b) were obtained with

the crystal maintained at liquid helium and liquid nitrogen

.~temperatures respectively. The spectra are those obtained without

points occurred at approximately the same photon energy at both L

temperatures, i.e. 1.65 eV, g

The spectra presented in figures 7.4, 7.5. and 7.6. were

obtained with the crystals maintained at liquid helium temperatures.

The spectra denoted (a) were those obtained without the crystal

having hreviously been illuminated. The spectra denoted (b) were

~those obtained after the crystal had been irradiated with shorter
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: Unfortunately, no additional signal was observed.

- 115 -
wavelength excitation. Figure 7.4. shows the spectra for.crystal 155,
copper doped, as in figure 7.3. Figure T.5. shows the spectra for
crystal 135, the antimony doped crystal, and figure 7.6. for cfystal
153, the chlorine doped orystal grown under an excess pressure of
sulphur. Thresholds within the range 1.63% 0.05 eV were observed in -

all the spectra obtained without the crystals having previously

- been illuminated. A second threshold at 1.29i 0.03 eV was observed

in the curves obtained after the first run.
The "b" curves rose from the second threshqld to a maximum

at approximately l.4 eV, then went through & minimum before

~ following the shape of the "a" curves at higher photon energies. The

curves of figure 7.6. indicate that there may be some structufe in the
high energy peak. However, more sensitive apparatus, and more; .
sophisticated measurement and correction techniques are required to
confirm this suggestion.

Because of the breakthrough of the copper sulphate filter at
about 1,05 microns, see figure 3.3, a narrow band 5200x interference
filter was added to the detection system in an attempt to determine
a double beam excitation spectrum.. A standing level was obtained
using a tungsten lamp filtered dy two OR1 plus two HAl filters, and |

the monochromator scanned to -the long wavelength side of one micron.

Te4. Discussion

The second threshold at 1.29% 0,05 eV was not obseived in the
excitation spectra unless thé crystal had been previously illuminated.
This indicates that higher energy photons are necessary to create the

required state for the excitation process involving the 1.29 eV -

 photons., It may be that the carriers which were placed in excited
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>l-b eV
energy levels by the l«6+ 8¥ photons are liberated, by the 1.29 eV

photons, to levels which permit radiative recombination. It is

probably no more than remarkable that the energy 1.29 eV is approximately
half the accepted band gap energy of CdS at liquid helium temperatures.
Two photon excitation involving an intermediate phonon state requires the
very much greater incident flux densities of pulsed lasers (2).

The principal excitation threshold for the A.S. excitation of
band edge emission was observed to be 1.63: 0.05 eV in three crystals
grown with three different dopants. An attempt to determine the'
threshold for an undoped sample was unsuccessful because of the
léck of sensitivity. However, since the threshold remained remarkably
unchanged despite the variety of the dopants, it was concluded that
the threshold indicated that the level involved in the excitation
was probably closely associated with native defects,

Thresholds of 1. 52- 0.02 eV for single beam excitation and_
'1.19- 0.02 eV for double beam excitation have been reported (1),
Thesg measurements were ﬁade at S.R.D.E., Christchurch. The -
correspondence between the 1.63 and 1.29 eV thresholds reported here
indicate perhaps
'ka)' that the 1.29 eV threshold corresponds to the double beam
threshold and hence'requires previous higher energy exoitation, and
(b) that the discrepancy may arise from the zero emplbyed in |
determining the 1ift off. |
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CHAPTER 8

CONCLUSION AND DISCUSSION

8,1, Introduction

It has been suggested in precekding chapfera that the
appearance of 12 exciton emigsion in the U.V. excited emission'spectra
of crystals grown under excess partial pressures of sulphur vapour
indicates that there is a strong tendency for an automatic or
self-compensatory mechanism to operate in CdS. In this chapter the
model pf the adceptor associated with the I1 exciton and the geasured
energy values for the "new halogen band" at 49002 proposed and
reported by Thomas, Dingle and Cuthbert. (1) have been developed to
_obtain an estimate of the binding energies of the acceptor levels
involved, A donor-acceptor assooiate (D.A.A.) model has also been
used to explain donor levels which include native defects. Then, the
-D.A.,A. model ocoupled with the concepts of auto-compensatlon have been.
employed to explain the observed trends of the components of the edge
emission with growth conditions. The model has also been used to
explain the mechanisms of the anti-Stokes excitation and emission
processes.

8.2.1. The singly ionisable acceptor complex

“Thomas et al. (1) suggested that the line at 4888.75% was due
to the emission associated with the recombination of an exciton bound#
to a neutfal acceptor, and that the acceptor was an associated paii.
composed of a cadmium vacancy and a chlorine ion substituted on a
nearest neighbour (N.N.) sulphur site. They also obsexrved a line
‘at 4888.403 which they sﬁggested was associated with the recombination

of an exciton bound to a neutral acceptor ‘composed of a cadmium

vacancy and an aluminium ion at a neighbouring cadmium site. The
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centre has a strong tendency to bind a hole. The neitral form of

the complex will be denoted [@@ +:| .

Thomas et al. also reported a new halogen band at 49008. The

emission was associated with the recombination of a hole bound to a

‘neutral acceptor, i.e. the complex centre described above, with an

electron bound to a chlorine donor. Since one of the constituents,
the acceptor, has a neutral ground state, little or no coulombic

interaction would be involved. This was confirmed by the 'very small

shift of the maximum of the emission with variation of the intensity

of the excitation. The binding energy of the chlorine donor (ED)
was quoted as 0.024 eV,

These results are used here to find the binding energy of the
hole to the neutral acceptor, EA’ using the simple equation for the
energy of the 49002 recombination transition, ET’

Ep = By - (B, + E)) .
The band gap energy, EG’ is 2.5826 eV (2), thus we -find EA = 0.0772 eV.
EA is the enexrgy which binds the hole to the neutral acceptor and is

denoted as EK-':) @ _El +° This state may be reasonably considered aﬁalogous

to the hydrogen atom binding an electron to itself and forming an

"H~ ion. Comparing the ionisation energy of the neutral state with

the electron attachment energy of the charged state of the hydrogen

‘analogy and the present complex (3), we may write the equation

| E[@@ +] 13.6
Thus E[®® +:| = 1,4036 eV.

This value for the binding energy of the first hole to the

E|@®+l+ L2 055

accéptor is in close agreement with the value of 1.3 -eV which Morigaki

- and Hoshina (4) used to explain their E.S.R. studies in Cds. They
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ascribed the centre to a simple cadmium vacancy, however there was no
experimental evidence to support this qodel as opposed té a complex
centre (see chapter one). It is assumed here that the level ig
associated with fhe complex of a cadmium vacancy with a chlorine ioh
substituted on & sulphur N.N. site, denoted (V,,Clg) and that the
approximations which were used in the calculation of the binding
energy of the first hole to the complex were reasonable. The.next
problem is to find the ionisation energy which is associated with a
simple cadmium vacancy.

8.2.2, The cadmium vacancy - a double acceptor

In order to find the ionisation energy of the first hole

bound to this double acceptor we consider the formation of -the

complex acceptor'described in the previous sectiqnf Assume that the

binding energy of the acceptor complex is the sum of the binding

energy of the double acceptor, E [:® -+~ s the donor binding energy,
E:E:)___:] or E, and the work donej;n bringing the chlorine

donor from infinity to the N.N, position through the medium of the

cadmium sulphide. This work done, W.D., is approximately equal to

(+2e).(-e)/4w€Ex which equals -2.78/r. r is the separation of the

donor and acoeptor in £, the work done:i; in eV and € =10.33 (5).

The energy required to remove the sulphur ion to allow the chlorine ’

ion substitutign is assumed to be negligéble compared with the other';;

energies because the substitution takes place during the growth of tﬁe'

crystal, when it is sufposed that the native elements will be

suffiociently mobilé to move about readily; whilet foreign elements

are more affected by the .environment of cadmium and sulphur. Thus we

Eléjf-] + E@B"‘] +wn

obtain the equation

=

TeeH
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For CdS the nearest neighbour separation is 2.523, thus ,
W.D. = =1.,1031 eV, and E[@ :t] o 1.4036 - (=1.1031 + 0.024) = 2.4827 eV,
This is the ionisation energy of the first hole of the doubly
charged acceptor arising from an isolated cadmium vacancy. This

corresponds to an acceptor level some 0.10 eV below the conduction

band, & value in remarkable agreement with that of 0.09 eV reported -

by Lorenz and Woodbury (6) to explain some of their electrical
measurements,

8.2+.3. The singly ionisable donor complex

The donors associated with the 12 exciton emission are
thought to be singly ionisable (7). In this section, the same
principles used in the previous-section are applied to a sulphur

vacancy - acceptor palr complex, The complex investigated consists of

_ @ sulphur vacency with an impurity ion aéting as a singly ionisable

acceptor substituted on & N.N, cadmium site. It is assumed that

(a) 0.026 eV is a reasonable value for the binding energy of the

_ second electron to the double donor, — 1 5 formed by the isolated

sulphur vacancy as proposed by Morigaki and Hoshina (4),

(b) the binding enexrgy of the complex, @ @E), igs some 0.03 eV as

_determined from the bound exciton and green edge emission as reported

earlier in this thesis and elsewhere,

(e) +the work donme in bringing the donor and the acceptor together

is the same as in the double acceptor-chlorine donor case, i.e. -1.1 eV,

(d) the energy required to remove the cadmium ion to allow
substitution may be neglected, as assumed previously. Then using the

equation

[@ej [@] t By e
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the binding energy of the impurity ion required to form the complex
is 0.87 eV. This is the magnitude of the binding energy associated
with impurities, such as copper, acting as singly ionisable
acceptors in CdS. See figure 8.l.

8.3. Substitution on next nearest neighbour sites

It has been shown that the substitution of a chlorine ion on
a N.N. sulphur site will reduce the binding energy of the first
hole to a cadmium vacancy by

o1~ Hew wEl'

and produce a singly rather than a doubly ionisable vacancy. The

= 2.48 Ll 1-40 - 1.08 QV,

substitution of a copper ion on a N.N. cadmium site will reduce the
binding energy of the first electron to a sulphur vacancy by

E@:]_ E@@—] = 0.26 - 9.03 = 0.23 eV, -

and produce a singly rather than a doubly ionisable donor complex,

denoted (VS, Cqu).

Similarly, reductions in the binding energy and changes to the
singly ionisable state may be effected by substituting impurities
~on next nearest neighbour (N.N.N.) sites which would act as singly
iénisable donors or accepfors as appropriate.. For example, in the

substitution of aluminium ions which associate with a cadmium
vacancy (VCd’ AlCd)’ the separation would be 4.14% so that the work
done iﬁ'bringing the impurity to the site ié only about 0.663 ev.
Then the binding energy of the complex for a holelis approximately
1.85 eV, and thg substitution of the aluminium ion reduces the

'_ binding energy of the first hole of a cadmium vacancy some 0.65 eVe
Similarly, substitution of & group Vb impurity ion (N,P,...) on &
N.N.N. sulphur s?te would be expectea to reduce the binding energy

of the first eiectron'of a sulphur vacancy, forming a (VS,NS) complex.
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However, unless the binding enexgy of'the acceptor is less than or
equal to 0.43 eV, the binding energy of the (VS,NS) complex will Se ' 2
greater than that of the (VS’cqu) complex.

Two points arise in the comparison of the complexes'formed
by N.N. substitution with those formed by N.N.N. substitution. Firstly, - '
in the case of the complexes arising from the cadmium vacéncy, the ' ' i,
calculated differences in the binding energies of the (VCd,CIS) and
(de’ AICd) systems are very large compared with the change in the
position of the two emission maxima associated with the recombination

of excitons bound to the complexes (1). Obviously the models used

to evaluate the binding energies of the compiexes and the isolated
cadmium vacancy are primitive and in the case of the (VCd’ Alcd) - A
complex no alloyance was made for any soreening of ﬁhe Vbd centre
by sulphﬁr ions., However, it seems more probable that there is a : it
larger difference in the binding energies of the two complexes than ' I
night be inferred from the difference in the position of the emission

of the excitons, on the assumption that the exciton is bound to the b

neutral acceptor in its ground state. However, if one considers C oy

the excited states of these complexes, the differences in the
"binding energyV of the hole become less striking. Table 8.1. ﬁ
shows the energies associated with the excited states of the complexes P | [?
assuming a simple hydrogenic model. The énergy réquired-to ionise
the hole from the n'l state is denoted EOn s where n = 0 for the )
ground state, _pven for n = 1, the values of EOn of the two complexes :
are more nearly equal, and the difference decreases as n increases. | N
The Eon values are also nearer to the accepted values, 0.14 to 0.17 eV,

- for the binding energy of the acceptor thought to be associated with - '

the green emission as well as the Il_emission. It is suggested, from
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from this rather crude theory, that the hole is in an excited state
of the acceptor complex whioh is involved in these edge emission
processes. |

Secondly, there is a greater gain of ehergy in the formation of
a complex composed of a N.N. aigociated pair ( i.e. (VCd,Cls) and
(VS, Cqu)) than the formation of a N.N.N. associated complei (;.e.
(VCd,Alcd) and (VS, NS)). Thus it appears that the N.N. pair
would be formed in preference to the N.N.N. pair given identicgl
concentrations of the respective impurities,

8.4. Auto-compensation and complex formation

The introduction of electrically #ctibe impurities into a
semiconductor host lattice induces the formation of e;ectricaily
active native defects, vacancies, interstitials et cetera, which
tend at least to partially compensate the electricai activity of
the impurity (8). This auto- or self-compensation may be analysed
simply in terms of an energy balance equation. That is, if the
energy gained by compensation, i.e. the energy of recombination of
the carriers from the impurity centres with those of the native
ﬁerect, exceeds the energy required to be supplied by the orysfal
to form the compensating defect, the defect will form and compensate

the impurity centre. Thus only insulating crystals wil be grown
" under equilibrium précesses. Clearly, if the energy of defect
formation_is large compared with the energy gained by compensation,:
very little auto-compensation will take place.

In the ca;e of cadmium sulphide, with the possibility of the
formation of complex pairs of donor-accéptor agsociates, there are
essentially two alternative auto-compensation meéhanisms. For eiample,

to compensate a donor impurity either a cadmium vacancy (a doubly

ionisable acceptor) or a complex of a cadmium ﬁacancy injassooiation, .
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with a singly ionisable donoxr (a singly ionisable acceptor complex)
may be formed. It has been shown that the binding energy of the
complex is some one electron volt less than that of the simple native
defect, thus it is more probable that the complex would be formed
in preference to the simple defect whenever possible, i.e. whenever
the donors csmprising the complex are available., Similarly, it is
more probable that any complex involving cadmium or sulphur vacancies
or interstitials would be formed in preference to the simple defect,
sinoce the energy gaingd by the compensation process is larger.

8.5. Explanation of results

The variation o? the intensities of the components of the
U.V. and A.S. excited edge emission with the conditions under which
the crystals were grown may be explained in terms bf_native defects
as described in the following sections.

8.5.1., Donor centres

The crystals studied during the course of this research Qere
generally grown under excess partial pressures of the conatituent
eleﬁents, 80 that the compensatory processes were controlled to some
extent by the excess pressures. The appearance of the emission
associated with the I, (neutral donor) bound excitons in the U.V.
excited emission spectra of crystals which had been grown under high
excess partial'pressures of sulﬁhur may be explaihed in the following
manner. Under high partial pressures of sulphur, the native defecté
most likely to be, formed are cadmium vacancies and sulphur interstitials.
As the crystal grows, donor impurities may be expected to be -
"dragged in" to compensate for the acceptors induced by the ambient.
It is reasohable to suppose that at low excess pressures, less

'thanfabout 100 torr, cadmium vacancies have a higher probability
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of being formed than sulphur interstitials, whilst as the pressure
increases above this range the probability of sulphur interstitial
formation will increase. Intérstitial migration at room temperature
is rapid (9), and it is expected that the interstitials formed
during the growth of the crystal Qill migrate to the surface, to
sulphur vacancies or to defect clusters during the period between
the removal of the crystal from the growth tube and the observation
of the emission characteristics. As a result, there would be a
number of donor impurities remaining in the crystal which had been
introduced during the growth to compensate the sulphur interstitials.
These donors may be the centres which are associated with the
unexpected "12" exciton emission of these crystgls.

There appear to be several excitons bound to neutrai and'
ionised donors in the emission spectra of.CdS. The values obtained

for fhe binding energy of the I, and I5 neutral donor excitons are

2
approximately equal to those of the donors involved in the distant
pair recombination process of tﬁe green emission. Therefore it
appears that the same centres are involved in both processes. Both
ngtive and impuiity defects have been suggested as possible centres
for the processes (1,10), and the impurity donor has already been
uged to explain some of the "12" emission observed, Using the ideas
discussed in chapters one and two and the results of this thesis,

it is suggested that sulphur vacancies are involved to some extent
in these donors. The results of ionic bombardment also indicate
that the.appearance of excitons bound to neutral donors may be
attributed‘to the creation of sulphur vacancies (11). In ordex to

explain the singly ionisable nature of these centres, it is

necessary to postulate that there are singly ionisable acceptors
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associated with these vacancies so that complexes are formed.

8.5.2. Acceptor centres

The exciton bound to a neutral acceptor, I1 s has been
assigned to the recombination of an exciton bound to a singly
ionisable acceptor composed of a cadmium vacancy and a neigﬁbouring'
singly ionisable donor forming ; donor-acceptor complex (1). The
correlation between the intensity of this excifon and the intensity
of the green edge emission observed in crystals grown under controlled
conditions indicates that tﬁe same acceptor is involved in both
mechanisms. In order to.obtain & reasonable correlafion between

the binding energy of the acceptor observed experimentally and that

derived for the complex earlier in this chapter, it is necessafy to

postulate that the hole is in an excited state.of the acceptor complex.

It is of interest to consider, once again, the energy of the

photon that would be emitted if the I1 exciton lost sufficlent energy

to raise the neutralising hole (a) from its ground state to the
first excited state, (b) from its first excited state to the second
and (c) from its second excited state to the third. Considering
the case of the (Vbd’CIS) complex, the vglues of the energy lost in
exciting the hole will be (a) 1.0527, (b) 0.1061 and (e) 0.1572 eV,
see.table 8.1.. The energy of the I

1
thus the photon would have an energy of 1.4832, 2.4299 and 2.3787 ev -

exciton maximum is 2 .53585 eV,

for a, b and ¢ respectively. The corresponding wavelengths are

about 8350, 5100 and 52968, respebtivély. The spéctral region of

83503 was not examined in the experiments perfgrmed during the course

of this research. An emission ma#imum at 52963 would probably have
been swamped by the green edge emission. Emission bands having

"maxima at sbout 51008 have been observed in the emission of several
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crystals, however the third longitudinal optical phonon replica of the

I2 emission also occurs at about this wavelength. Therefore it is

difficult to positively identify the maximum as the I§ emission.

8.5.3. A.S. excitation and emission mechanisms

The cadmium vacancy-donor impurity complex may be used to
explain the phenomena of the A.S. excitation and emission spectra.
The binding energies of the complexes involving cadmium -vacancies

are very similar to the threshold energy of the A.S. excitation

- spectrum observed without the crystal having previously been

illuminated, namely 1.63 *+ 0.05 eV. The second threshold, at

1.29 + 0.03 eV observed after the orystal had been illuminated at that
temperature, may correspondnto (1) tﬁe energy required to excite a
hole in fhe complex to an.excited state of the complex so that
recombination may take pléqel;or to (2) the energy required to excite
an electron from the complex to a state from which it may recoﬁbiné.
The excitation procesﬁes described'in this section are illusfrated
diagramatically in figure 8.2.. ,

In the model of the excitation process, it is desirable to be
able to explain the stpong tendéhcy for the distant'pair, bound-to- -
bound, recombination process to be so dominant in the emission
gpectre excited by A.S. radiation. The creation of excitons in
some corystals under A.S. excitaﬁibn conditions must also be explained;
Thefe are always a large number of donors in CdS, with ionisation |
enefgies_of some 0.024 eV, The radius of these donors is given by
1-39/2ED = 308. With such a large "sphere of influence", the donors

which are associated with the acceptor complex and. those electrically

independent of the complex will very probably capture the electron

before it has fhe opportunity of recombining with a bound hole *o

1
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| produce the free-to-bound, high energy series. It is therefore
tentatively suggested that the donors associated with the complex
through which the electron is excited may capture the photoexcited
electron before it has sufficient time to recombine.

The observation of excitons in the emission spectra excited
by A.S. radiation indicates that .free carriers must be created. The
U.V. excited emission of this type of crystal showed very intense
12 and 13 exciton emission, with very weak green emission. It is
suggested that_the'blue emission excited by A.S. radiation is due
to IE and or L.0, phonon assisted 12 annihilation. (Further experiments _

are required to positively identify this emission. A.F.J. Cox,
in a private communication, has suggested that such emission is
largely due to the phonon assisted annihilation of free excitonms,
which he has observed at higher temperatﬁres, however he does not
ignore the possibility of excitons bound to neutral donors ?éing
involved in the low temperature emissions). No doubt the appearance
of excitons in the A.S. excited emission spectrum of these crystals
is due to the fact that the potentially competitive green edge
recombination proceéses were relatively inefficient, as evidenced
. by the U.V. excited emission. If there were fewer donors than
acceptors in a cryst;l, one might expect to see an A.S, excited high
energy series emission as the hole bound to the acceptor recombines
with a free electron.
From the observation of the distant pair, L.E.S., emission
'process exclusively under A.S. excitation, it was concluded that
the centre involved in the excitation process is closely associated

with the donors involved in the recombination process. It is

suggested that this centre consists of a cadmium vacancy with a
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singly ionisable donor in a neighbouring substitutional position.
The variations of the ratio of the intensities of the A.S. to U.V.
eicited emission with the growth conditions of the crystal confirm
this suggestion. Crystals grown under increasingly high cadmium
pressures showed a gradual reduction in the ratio of the intensities.
If the probability of forming sulphur interstitials rather than
cadmium vacancies is higher for excess parfi;l pfessures of
sulphur above 100 torr, and if the interstitials do migrate from
active to inactive positions as assumed in section 8.5.1l., then the
number of cadmium vacancies in crystals grown under excess'sulphﬁr
pressures abové about 100torr might be expected to saturate and
possibly decrease. The intensity ratio of these crystals was
found to decrease with increasing sulphur pressure.

The changes in the intensities and observable features of
the emission following the deliberate addition of dopants to the
starting charge of the growth system tend to confirm the correctness
of the model proposed for the centres involved in the emission
‘and excitation processes., For example, the addition of chlorine
dramatically increased the efficiency of the A.S. excited emission-
process, supporting the suggestion that the (VCd,Cls) centre takes
part in the A.S. excitation mechanism. There was also a large
increase in the efficiency of the copper doped crystals. This
latter may have been due to the formation of native, sulphur vacancy;
donors in association with copper ions, where the impurity acceptor
acted as the centre responsible for the two-step excitation process
and the donor-acceptor associate was responsible for the donof

involved in the recombination process.
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The model described above is similar to that presented by
Brown et al. (12). They suggest fhat some form of centre involving
a cédmium vacancy, in associatiop with other defects or alone, is
responsible for the excltatlon mechanism. of the A.S. excited
emission. It is further suggested that, in the recombination
processes of the green edge emission of CdS, the hole is probably
bound in an excited state of the acceptor formed by a cadmium
vacancy. The donor acceptor associate model preéehted here
appears to explain-the results of this work more fully.
8.6. Conclusion

The edge emission and exciton recombination spectra of a
number of cadmium sulphide crystals at liquid nitrogen and liquid
helium temperatures have been observed. The spectra obtained with
the crystals at liquid helium temperatures conteined more interesting
components which were more easily résoived and thus were of
primary'concern. It was possible to eicite viéible emission using
radiation with photon energies greater than the band gap, i.e.i
- UV, excifation, and less than the band gap,i.e. A.S. excitation.

The crystals were gréwn under controlled partial préssures
of the constituent elements. The variation of the relative
intensities of the emission components was related to the growth
conditions of the crystal. This variation and the analysis of the
emission characteristics indicated that the recombination
mechanisms involved donors and acceptors of native origin. A theory
based ﬁpon cadmium and sulphur vacancies asgsociated with impurity
ions was used to explain the results. It is further suggésted that
the impurity ions associated with the vacancies, lying on

neighbouring substitutional sites, take part in the recombination

’
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processes. This is supported by the effects observed in the
intensity and characteristics of the emission following the
introduction of impurities to the starting charge of the crystal
growth system.

Further-investigation of the somewhat unexpected emission
of excitons excited by A.S. radiation is réquired in oxder
positively to identify the recombination process. A systematic
programme of observing the emission of crystals grown under various
pressures of cadmium and sulphur'from charges containing a variety
of dopants would provide a useful determination of the precise
nature of the centres involved and may lead to a usgful device,
Anti-Stokes excitation spectra of these crystals, obtained using
more sensitive apparatus, would indicate the location of the centres
within the band gap. Precise monitoring of the electrical
resistance.during the excitation measurements would provide
information on whether free carriers are created. Double beam
excitation measurements would, under these conditions, prove very
useful. Zeeman effect measurements of the U.V. and A.S. excited
exciton emission of doped and undoped crystals is an essential extension
of this work, providing verification of the gssignments of all'thg
bound excitons and the 13 emission. It mﬁy also be possible to
observe differences in ﬁhe Zeeman splitting of an exciton line
according to which dopant element is associated with the complex
to which the exciton is bound. If the proposed model is correct,
it ought to be possible to correlate the components of the edge

emission with those of the red and infra-red emissions.
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