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ABSTRACT

The photoluminescent properties of a wide range of
single crystals of zinc selenide have been examined at
liquid nitrogen and helium témperatures. The crystals
were grown either using a continuous flow process or in
sealed capsules in controlled partial pressures of zinc
and selenium. Crystals doped with a number of acceptor
and donor-like impurities have been studied as have
noﬁinally pure samples. The object of the work was to
determine whether there was any correlation between the
observed edge emission spectra and the crystal growth
conditions. Transmission and absorption spectra have
also been investigated.

At temperatures below 10 K the luminescence emission
of ZnSe in the vicinity of the band gap consists of a
series of sharp lines and broad bands. The sharp lines
are identified as Il and 12 lines which are associated
with the recombination of excitons bound to neutral
acceptors and donors respectively. At least two different
Il lines and one I2 line have been observed. Their origin
is discussed.

The bréad band emission close to the band gap con-
sists of palrs of series of bands. One component of the
pair is the high energy series (HES) while the other is
the low energy serlies (LES). The HES is assoclated with
the recombination of a free electron and a bound hole.
This leads to the zero phonon band of the series, the

remaining members of the series are longitudinal optical

phonon replicas. The LES is assoclated with distant pair



recombination betweén electrons bound at shallow donors
and holes bound at the same acceptors which are responsible
for the HES. The LES also consists of a zero order member
and phonon replicas. Three different pairs of high and low
energy sefies have been observed. The appearance of
particular pairs is determined by the way in which the
crystal was grown rather than by the nature of the impurities
added.

From the spectral locations of the HES components
three possible acceptor levels with ionisation energies
of 0.095, 0.112 and 0.122 eV have been found. In undoped
crystals the donor ilonisation energy 1s 32 meV. Chlorine
and aluminium impurities lead to donors with ionisation
energies of 27 meV while the indium donor has an ionisation
energy of 29 meV. The mean separation of the donors and
acceptors contributing to the distant pair band is estimated
to be of the order of 100 g.

A number of luminescence bands associated with deep
centres have also been studied, in particular in crystals
doped with copper or manganese. The origin of these bands

is discussed.
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CHAPTER 1

PROPERTIES OF ZINC SELENIDE

1.1 Introduction

Zinc selenide is a member of the group of compounds,
which are formed from the elements of group IIB and VIB.of
the periodic table. Most of these compounds are semiconductors
or inéulators which crystallise in an arrangement where each
atom is at the centre of a regular tetrahedron. In ZnSe
each atom is spaced 2.458 distant from the nearest neigh-
bouring atoms of the opposite kind which lie at the corners
of the tetrahedron. The tetrahedra can either be arraﬁged
into a cubic zinc blende form, with the sz-F 43m space group,

or into a hexagonal, wurtzite form with space group

4

C 6v PGSmc. The most stable phase of ZnSe is the cubic

blende type structure in which the Zn and Se atoms each lie
on a face-centred cubic sub-lattice, the two sub-lattiées
being displaced relative to one another by one éuarter of the
body diagonal of the cube. The lattice parameter in the cubic
modification is a=5.6687g (). ZnSe can also exist in the
hexagonal modification, depending on the methods of synthesis
used, the growth temperaﬁure, and subsequent heat treatment
(2,3,4).

The electrical and optical properties of zinc
selenide can be explained in terms of the electronic band
structure, which unfortunately has not yet been firmly
established. However the physical properties of interest
in this thesis, depend only on the form of the maximum of
the valence band or the minimum of the conduction band which
in ZnSe are at k=0 at the centre of the Brillouin zone. The

normally accepted values for the direct energy gap at
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temperatures of 300 K (room), 79 K (near liquid nitrogen),

60 K (near pumped liguid nitrogen), and 4.2 K (liquidv

helium) are 2.67, 2.809, 2.813 and 2.818 eV respectively (5,6).
Pure stoichiometric zinc selenide is normally n-+ype

with a resistivity of the order of 10+12‘ohm—cm, so that it

is an insulator at room temperature. However, lattice

defects and deliberately introduced impurities lead to

deviations from stolchiometry in the ZnSe crystal so that

impurities greatly &ffect the electrical and optical

properties. The effects of such imperfections and some

information concerning the band structure are described in

this chapter. The principal properties and applications of

zinc selenide crystals are also reviewed.

1.2 Effects of crystal imperfections in ZnSe

In general the II-VI compounds are less pure than
the group IV elemental semiconductorssuch as Si or Ge, or
the III-V compounds, because the well established purifica-
tion methods used with these semiconductors cannot be
utilized. This is.because most II-VI compounds can only
be melted under high pressure, therefore crystal growth from
the melt involves high temperatures with the attendant possibil-
ities of container contamination, and decomposition leading
to non-stoichiometry. In consequence crystals are grown by
sublimation or by high temperature vapour reaction of the
elements. Although the resultant crystals are of high purity,
trace contémination of ‘the order of 1 ppm is still present.
Comparatively little is known about the properties of sub-

stitutional impurities in ZnSe.



Various investigators have attempted to study the
mechanism of crystal growth by examining the crystal
morphology, crystal surfaces, and structural imperfections.
Crystalline imperfections such as dislocations, twinning,
stacking faults and low angle boundaries have been discussed
by Gezci and Woods (7).

The most important point defects are probably
lattice vacancies and interstitials. Anion vacancies and
cation interstitials would be expected to introduce donor
states in the energy gap, while cation vacancies and anion
interstitials would introduce acceptor states. Foreign
elements such as the halogens are important impurity defects.
Shallow donor levels some 0.19 eV below the conduction band
are formed when chlorine is substituted for selenium (8).

The Group III, metals such as Al, Ga and In substituted for
zinc produce similar shallow donor levels. An important
defect centre is also formed from an association of a

donor impurity ion and a zinc lattice vacancy in nearest
neighbour configuration (8,9). This is the so-called
A-centre and is thought to be responsible for self-activated
luminescence.

Substitutional impurity ions from group IB (Cu, Ag,
Au) form acceptors because they readily accept an electron
from the covalent band structure (10). Copper and manganese‘
impurities are well known as luminescent activators while
Fe, Ni and Co act as killers both of luminescence and
photoconductivity (11,12). Divalent copper ions form double

acceptors while zinc vacancies form acceptors with very

similar properties.



1.3 Band structure of ZnSe

The band structure of ZnSe crystalshas been calcu-
lated by a variety of methods and some extremely useful
review articles have been written by numerous workers (13-38)
in this field. Calculétions are normally concerned with the
energy separation between the s-like conduction band states
and the p-liké valence band states. The conduction band of
zinc selenide may be considered to originate from the 4s
atomic levels of the zinc ions while the valence band
originates from the 4p atomic levels of the selenium ions.
The zinc blende structure is identical to the diamond
structure as far as the Brillouin zone is concerned. The
main difference between the energy bands of diamond and zinc
blende (see Figure 1l.l1l) is at the point X=(1,0,0) 2r/a of
the Brillouin zone (Figure 1.2) where the extra degeneracies
associated with diamond are lifted. Herman (14 a,b,c)
developed a semi-empirical method of deducing the electronic
energy band structure of zinc blende materials from those
of the diamond type materials, germanium and silicon.

The Brillouin zone of the zinc blende structure is
a truncated octahedron which is shown in Figure 1.2. The
constant energy surfaces consist of a number of ellipsoids,
which lie at the symmetry points corresponding to the minimum
values of electron energy. The high symmetry points and
lines of the Brillouin zone are the zone centre ('), and
the intersections with the zone faces (L, X, K) on the [11l1],
[100] and [110] symmetry axes respectively. The deepest
minima may also occur inside the zone along the symmetry
axes and it is thought that for the conduction band of ZnSe

there are two minima, Pl and P15 at k=0, which correspond



Figure 1.1 IEnergy band structure of ZnSe along
the (111], the [lOO]V, and the [110] symnetry axes
calculated by the pseudo-potential method (39)

Figure 1.2 The Brillouwia zone Lor the latitices
Cwita the treansletioncl symaetry of a face centred

cubic lattice.



to two- and sixfold spin degeneracy. The ry level is

associated with the s-electrons and T with the p-electrons.

15
The other positions in k-space where the lowest minima can

be observed on the [1l1l] symmetry axis are at Ll or L3 and

also on the [100] symmetry axis at Xl and X3 in the con-
duction bands, but the energy gap is rather wide along the
[100] symmetry axis.

The best estimate of the configuration of the con-

. duction and spin-orbit split valence bands of a zinc blende

crystal near k=0 is shown schematically in Figure 1.3. .The
irreducible representations for the single groups are given
within the parentheses. The dashed curves in the upper
valence bands represent the effects of the small linear
terms (15). The valence bands of zinc selenide have two
nearly parabolic bands with different curvatures touching

at centre of the zone. The r8 term splits into two bands
resulting in a heavy hole band, Vl’ and a light hole band,
V2’ which are four fold spin degenerate. The lowest valence

band state (Pls) which forms the V_-band is twofold spin

3
degenerate.

In ZnSe the concept of the Fermi surface is
relatively unimportant, although it plays a role in highly
doped ZnSe crystals. Optical methods provide the major
tools for investigating the electronic band structure of
ZnSe. Absorption and reflection measurements yield the
frequency dependent dlelectric constant which depends on
the joint density of states of‘the valence and conduction
bands (16). Two-photon absorption gives additional informa-

tion since the selection rules are different from those in

a simple absorption measurement (17). Photoemission



- Figure 1.3 The conduction and spinworbit split

valence bands of a zine blcade crystal around k=0.



experiments yield information about the density of states
in a rather involved form (18). Edge emission measurements
help to identify energy levels associated with defects
which perturb the lattice (19). All these methods may be
extended by using an externally applied field so that the
selection rules are changed, or energy levels split.

In the one-electron approximation the energy
spectrum and wave functions in the Brillouih zone are
sufficient to explain excitons (20), the line width and
shape of absorption peaks (21),-aﬁd the behaviour of acceptor
or donor states (19). The energy band scheme can be used
successfully as a starting point i1f the electroh-hole, A
electron-electron and electron-phonon interactions are.not
too strong. The effective mass approximation is extremely

valuable in the description of transport properties of semi-

conductors (22). Electronic charge densities in ZnSe may

be calculated using wavefunctions resulting from band calcu-
lations (23) and these have been compared with'x-ray
measurements (24,25).

The methods which have been employed to calculate
the band structure of zinc selenide may be summarised as
follows:-

1. The OPW method: (26,27,28). This uses Herrind's
idea that the crystal wavefunction is plane-wave-like in
the interspace between the atoms constituting the crystal,
and a mixture of the plane-wave and core states within the
electron shells of the ions.

2. The APW method: (29,305. In this approximation
the crystalliné wave functions are plane-wave-like in the
space between ions and similar to atomic functions in the

close neighbourhood of the nuclei.



3. KKR method: (31,32,33). _The method named after
Korriga, Kohn and Rostoker (31), has long been considered
mathematically fascinating but in practice is inferior to
other méthods such as OPW and APW.

4, The pseudopotential scheme (34,35,36). This method
was the most revolutionary scheme in the history of band
structure theory. The idea is based on the OPW formalism.
Historically two developments were made in the construction
of pseudopotentials. The first, which one might call the
semi~empirical method, falls back on experimental data
provided by atomic spectroscopy to define a model potential.
The second, often called the fully-~empirical method, fits
pseudopotentials directly to solid state data and is based
on the free~electron exchange approximation.

5. The LCAO method and mixed schemes: (37,38). The
tight-binding or LCAO (linear combination of atomic orbitals)
method is frequently employed today. Successful application
of th;s method 1is restricted to flat bands, such as the
valence bands of molecularly bonded semiconductors or ionic
crystals.

The first electronic band structure calculation
for ZnSe was done usihg the empirical pseudopotential method
(39). The authors calculated the band structure of zinc
selenide and thirteen other semiconductors with the zinc
blende structure, essentially by fitting to experimental
data on the reflectivity and photoemission (40,41).

The application of the empirical pseudopotential
method and the calculation of the electronic structure of
some II-VI semiconductors have been reviewed by Cohen (35).
Results were presented for CdTe, ZnS, ZnSe with the zinc

blende structure. Herman et al (27) calculated the



electronic band structure for nine cubic II-VI compounds
using thé perturbed energy band model. They evaluated band
structures for cubic zinc selenide which made use of the
experimental work on photoemission by Aven et al (41) and
of the reflectivity data collected by Pollak (42). Walter
et al (43) reported details of the reflectivity data for
cubic ZnTe and ZnSe at 15 K and 300 K. Their relativistic
energy band structures for ZnTe and ZnSe were calculated
using the empirical pseudopotential method, modified by
spin-orbit coupling. They also calculated the imaginary
part of the frequency dependent dielectric function, the
reflectivity and the logarithmic derivative of the
reflectivity R' (W)/R(W).

Shortly aftexrwards the energy band structure of
ZnSe Was calculated by means of a Green's function method
(KKR) by Treusch et al (44) using the muffin-tin potential.
Their results explained the most important optical transition
from the d-bands to the conduction band.

Collinget al (45) calculated the band structure
of hexagonal ZnSe using the spin-orbit matrix elements and
the crystal field splittings of the valence bands. Stukel |
et al (13) reported the highly self-consistent OPW band
calculation for cubic ZnSe and compared thelr results with
experimental and other theoretical results. Table 1.1 lists
the various values of the theoretical energy levels which
have been calculated for cubic ZnSe using the schemes
described above (13).

Measurements of the effective mass can be used to
provide information about the curvature of the bands in

which the carriers move and hence electron (m;) and hole (mﬁ)



Table 1.1

Comparison of various theoretical

energy-level schemes for cubic ZnSe.

Level | SC-OPW | NSC-OPW | ER-OPW | ER-KKK Caizf?ggt)
Ii5c 6.7 7.6 7.7 8.0 | 7.9

Tlc 2.9 3.2 2.8 2.9 | 2.9 (2.9)
risv 0.0 0.0 0.0 0.0 |o0.0

Zn 3d -12.6 | -5.3 -6.3 ~7.1

X3q 4.5 5.1 5.4 5.1 | 5.4

X1 o 4.2 5.0 4.2 4.9 | 4.5

Xe, ~1.7 | -1.3 -1.4 ~1.6 |-1.5

X, -4.3 | 23,7 -3.4 ~4.0

X3oXs, 6.2 6.4 6.8 6.7 | 6.9 (7.2)
S . 5.9 6.3 5.6 6.5 | 6.0 (6.4)
X3.%X1 4 0.3 0.1 1.2 0.2 | 0.9 (0.8)
Ly, 7.4 8.1 8.1 8.5 | 7.9

L, 3.8 4.3 4.5 4.3 | 4.5

Ly, -0.6 | -0.5 0.4 ~0.7 |-0.5

L, ~4.4 | -3i8 3.7 ~4.2

Lyo~Lay 8.0 | 8.6 8.5 9.2 8.4 (8.4)
Ly o"Lay 4.4 4.8 4.9 5.0 | 5.0 (5.0)




effective masses clarifyvthe details of the band structure
at certain symmetry points. The conduction band at k=0

is well described by the electron effective mass (m;) and
the maximum energy in the valeﬁce band may be represented
as two sets of spherical surfaces each corresponding to a
scalér effective mass. One of these effective masseé'mﬁl
is much larger than the other and the coxresponding holes
are generally referred to as the heavy holes. A similar
effective mass mﬁz corresponds to the light holes. The
first rough estimates of electron and.hole effective masses
were obtained by Aven et al (41) using the electron and
hole mobilities of ZnSe, combined with the reduced mass of
the exciton. They found an exciton reduced mass

p = (0.1020.03) m and calculated effective masses of

mg = 0.1 m, and mﬁ = 0,6 ﬁ. Aven and Segall (8) obtained
better estimates of the electron effective mass by fitting
the observed temperature variation of the mobility to the
variation predicted by pptical mode scattering. The
effective mass was appwoximately O0.15 m., Subsequently
Marple (46) determined an electron effective mass of
(0.17£0.02) m from measurements of infra-red Faraday rotation.
Quite recently Merz et al (9) have measured the effective
electron mass from the Zeeman splitting of the 2p states

of the donors and they found its value to be (0.16:+0.01) m

for ZnSe.
1.4 Electrical Propeirties of ZnSe
1.4.1 Introduction

Measurements of the electrical properties of ZnSe

provide valuable information concerning the band structure,
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the density of carriers and the electron scattering prbcésses.
These in their turn provide information about electron-phondn
interactions and specific impurity states. Althoggh coﬁ-
slderable interest has been shown in the photoluminescence
and electroluminescence of ZnSe, little work has been carried
out on its transport properﬁies. The resistivity of ZnSe

is a function of its state of purification. The resistivity

14 ohm-cm) but this

of as grown crystals is very high (~10
can be reduced to 1l0-100 ohm-cm by heating in molten zinc
at 900-1000°C for one or tWo days. The electrical conduc-
tivity is given by o = neuy. Both the carrier concentraﬁion
(n) and mobility (u) vary with temperature. The temperature
dependence of the mobility, gives an indication of the
operative carrier scattering mechanisms. The principal
scattering mechanisms which are likely to affect the mobility
are briefly summarized below. This is followed by an.

account of the effects of the absorption of radiation on

the conductivity.

1.4.2 Mobility
The mobility of electrons in ZnSe is limited funda-

mentally by the scattering of conduction electrons by lattice
vibrations. Table 1.2 summarizes the temperature dependences
of mobility to be expected for the various lattice and
impurity scattering mechanisms:-~

1. Lattice scattering: Lattice scattering processes
are those which result from the interaction of electrons

(or holes) with lattlce vibrations. Charge carriers
travelling through a crystal have their mobility limited

Lattice.
by their interaction with the thermal vibrations of the inditiad



Table 1.2

The temperature dependence of mobility

for the principal carriers scattering

mechanisms in II-VI compounds.

Dependence of mobility &
Scattering Mechanism Absolute Effective eferences
Temp. (T) mass m¥*
Lattice: polar (exp T) m*"3/2 47
optical mode
: deformation 7~3/2 ¥ "5/2 48,49
potential (or '
acoustic mode)
: Piezoelectric| T % m*~3/2 50,51
mode
: Inter-Valley p3/2 52
uncertain
see ref-
erence
Impurity: Unionized Sometimes m* 47
determines
the mobility
at low
temperature .
-1 .
: Ionized T3/2 m* ? 53
Ionized dislocation Linear temp. m* 54
dependence
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The lattice can vibrate in both acousticél and optical modes.
More thermal energy is required to excite optical mode
vibrations which are important in scattering electrons in
ionic crystals. At moderate temperatures acoustic vibra-
tions become increasingly important. Since cubic ZnSe has

no centre of inversion symmetry a piezo electric polariéation
is developed by the strain associated with acoustic vibrations,

%

this process leads to a mobility which varies as T %, and is

known as piezoelectric scattering. Deformation potential

scattering by acoustic phonons is relatively unimportant in
limiting the majority carrier mobility in cubic II-VI
compounds.

2. Impurity scattering: Impurity scattering processes
naturally depend upon the nature of the impurity atoms and
structural lmperfections in the crystal lattice. The presence
of an impurity in a crystal will usually alter the eleétro—
static potential in its neighbourhood and create an
aperiodicity in the potential field. Ionized impurity
scattering is usually the dominant scattering process at

low temperatures, the mobility is dependent on the concentra-

3/2

tion of impurities and varies as T Neutral impurity
centres may give rise to appreciable scattering effects.
However,K this process is independent of temperature and hence
may be of importance at low temperatures when lattice
scattering is negligible and most of the impurities are
unionized..

Other mobility limiting processes such as carrier-
carrier scattering, ionized dislocation scattering and

inter-valley scattering have been discussed in relation to

ZnSe but are relatively unimportant.
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The first optical and electrical measurements on
ZnSe crystals were reported by Aven et al (41). They
measured the electron ‘and hole mobilities, and obtained

2

values of He = 260 cm V'-l sec"l at 300 K, and

2 1 -1

= 15 cm“ V ~ sec.  at 473 K. They also obtained a rough

"n
estimate of the effective masses of electrons and holes,
viz. mz = 0,1 m, mﬁ = 0.6 m. Aven and Segall (8) measured
the temperature dependence of the Hall mobility of electrons

2 V_l sec_1 at 100 K. They thought that

and found He v 720 cm
optical mode scatfering was dominant and that the piezo-

electric and deformation potential scattering processés were
negligible. Fukuda and Fukai (55) measured the Hall mobility
of electrons in ZnSe and at low temperatures observed vaiues'

2 V-'1 sec__l at 75 K, which were higher than

of about 3000 cm
values predicted by ionized impurity scatfering. They
assumed that neutral impurity scattering was important-in
the low temperature range, while polar optical processes
were dominant at room temperature.

The resistivity and Hall coefficient of cubic zinc
selenide crystals were measured by Smith (56) at temperafures
between 500-1000°C in zinc vapour. The values of Hall
mobility obtained did not depend on carrier concentration,
or vary appreciably from sample to sample. However, he
found good agreement between his experimental results and

the theoretically calculated mobility. He suggested that

if the observed values of mobility were extrapolated to

2 1 -1

room temperature, the mobility should be about 500 c¢m v sec .

Such a value has in fact been observed (57).
Woodbury and Aven (58) obtained a maximum mobility

of 2700 cm2 V—l sec-l at 55.6 K with their samples, while
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Aven and Kennicott (59) found higher values of about

2 V-l sec_l at 200 K. A higher value still of about

1

7000 cm
2

12000 cm” Vv~ sec_l at 50 K was reported by Aven (60). This
improvement in the magnitude of the electron mobility is

due partly to improved purity of the crystals and partly to
the discovery of a technique of annealing outvnative doubly
charged defect centres which are responsible for a large
fraction of the total ionized impurity scattering. Aven
used a stahdard 6 probe measuring technique and annealed his
crystals in liquid zinc at 650°C for 152 hours. In Figure 1.4
the temperature dependence of Hall mobility in n-type ZnSe,
as measured by Aven (60), is illustrated. The experimental
results (solid line with points) are compared with a
theoretical curvelwhich takes ionized impurity and polar
optical mode scattering into account. The agreement is not

too unreasonable but it would appear that some additional

process must be operative.

1.4.3 Photoconductivity

Free electrons and holes can be created in semi-
conductors by illuminating the crystal with light'of
appropriate wavelength such that the photon energy equéls
or exceeds the forbidden gap energy. Under these conditions
free electrons and holes are produced and lead to an
increased conductivity of the crystal. In ZnSe the holes
are generally very much less mobile than the electrons, and
are captured more readily by defect centres, so that in the
steady state the concentration of free electrons exceedé
that of the free holes. Defect centres can behave either

as recombination centres or electron traps and determine the
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lifetime of the majority carriers. Majority carrier lifetimes
in ZnSe vary ffom fractions of microseconds in insensitive
"pure" crystals to fractions of milliseconds in suitably
doped material.

An energy model has been proposed by Rose (61l) to
explain the sensitisation of photoconductivity on the basis
of two competing centres A and B as shown in Figure 1.5. 1In
a pure unsensitized material, recombinatioﬁ centres known as
"A centres" are present. These lead to a small free lifetime
for photomexcited carriers, since they have an approximately
equal capture cross-section for both electrons and holes.
With the incorporation of suitable impurities recombinatibn
centres known as "B centres" are produced. These centres
have a small cross-section for electron capture but their
cross—-section for hole capture is similar to that of the
"A centres." At high temperatures and with low light
intensities, the demarcation level for "B centres" wiil lie
above these levels and the imperfections will therefofe
function as hole traps only, with no consequent effect on
the photo-senéitivity. However at high light levels and
at low temperatures, the hole demarcation level will lie
below the levels of the "B centres" which then function as
recombination centres. The concept of the "demarcatiqn
level" was introduced by Rose (61). When the demarcation
level coincides with the energy level of a centre, there
is an equal probability of the centre acting as a trap or

as a recombination centre. The hole demarcation level always

lies in the lower half of the band gap and below the "A centres."

Figure 1.5(a) shows a material containing recombination

centres with a large capture cross-section only. This
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results in low free carrier lifetimes. In Figure 1.5 (b)
sensitizing centres have been incorporated but the conditions
are such that they act as hole traps. Figure 1.5(c) shows
what happens when the sensitizing centres act as recombination
centres when they become largely occupied with holes and
the "A centres" becoﬁe occupied with electrons. In consequence
the electron lifetime is high. Figure 1.5(d) illustrates the
process of infra-red quenching of photoconductivity by the
freeing of holes from sensitizing centres by optical means.
Thermal quenching occurs when the demarcation level rises
above the level B. Thermal and infra-red quenching can'be
used to obtain information about the energy levels and
capture cross-sections of sensitizing centres in ZnSe. At
low temperatures the infra-red quenching of photoconductiviﬁy
in ZnSe consists of one broad "band", with its maximum at
about 1.03 um. The threshold of this band suggests that the
hole ionization energy of a sensitizing centre lies between
0.66 and 0.78 eV above the valence band (62).

The photoconductive properties of cubic ZnSe crystals
have been reported‘by Bube (63) and Stringfellow and Bube (64).
The spectral sensitivity of undoped ZnSe crystals reached a
maximum at 0.462 um corresponding to excitation.across the
forbidden gap. With the introduction of different acceptor
and donor impurities, such as Br, Cu, Ag, Sb and As, the
maximum sensitivity was shifted to longer wavelengths. Bube
and Lind (2) measured the spectral sensitivity of photocon-
ductivity and infra-red quenching. They found a donor
ionization energy of 0.21 eV in Br doped ZnSe and an acceptor
ionization energy of 0.7 eV in Sb doped ZnSe. Ag and As

doped ZnSe crystals have'been studied by Bube (63). They.
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give rise to acceptor centres.with hole ionization energies
of 0.6 and 0.7 eV respectively. Photoconductivity spectra
have been extensively studied in Cu doped crystals. |
Stringfellow and Bube (64) have observed the excitation
of p-type photoconductivity in Cu dqped crystals and noted
that the energy required is similar to that for the optical
quenching of n~type photoconductivity. They associated this
behaviour with copper centres located 0.72 eV above the
valence band. Stringfellow and Bube‘(65) subsequently
discussed a multivalent-copper-impurity model in which cut
and Cutt ions were substituted on the %Zn sublattice. -They
suggested that Cut ions were responsible for the two red
bands with maxima at 1.95 and 1.97 eV and that Cutt ions
were responsible for the green emission at 2.34 eV. They
also concluded that copper leads to three charged states
within the forbidden gap of ZnSe. The first copper state
is the dominant acceptor centre for p-type conductivity,
with an associated energy level 0.72 eV above the valence
band. This centre is the major sensitizing centre for
n-type photoconductivity and has an electron capture cross
section of about 4.10—19 cm2. The second copper state fixes
the lowest obtainable position of the Fermi level at 0.53 eV
above the valence band, Green emission associated with
copper impurity results from the recombination of an electron
in the conduction band with a hole captured at a third
copper state, located 0.35 eV above the valence band.

Park and Chan (66) observed the spectral response of
the photoconductivity of hexagonal ZnSe at room temperature
using polarized light. They found two different high energy

peaks near the energy band gap, at about 0.437 um and 0.443 um.
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This corresponds to the separation between the two highest

valence bands in ZnSe.

1.4.4 Electroluminescence

Electroluminescence is the name given to the emission
of light from a solid under the action of an electric field.
The preparation of electrolﬁminescent ZnSe owes much to the
techniques developed to produce phosphors suitable for
cathodoluminescence and photoluminescence. In'general the
zinc selenide is doped with small quantities of activators
(usually aluminium, manganese, copper or chlorine), and has
been used as a powder in large area a.c. electroluminescent
panels or as a single crystal in small d.c. light emitting
diodes.

Light-emitting semiconductor diodes based on GaAs-P
usually consist of p-n junctions, in which minority carriers
are injected across the junction and recombine at
luminescent centres. ZnSe cannot be made sufficieﬁtly p-type,
for a p-n homojunction to be formed in ZnSe. However Aven
and Cusano (67) have prepared p-n junctions by depositing an

epitaxial layer of p-type Cu,Se on to n-type ZnSe. The

2
electroluminescent emission spectrum of junctions formed on
chlorine doped ZnSe consisted at 77 K of three bands at

1.96 eV in the red, at 2.35 eV in the green and at 2.68 eV
near the band edge. Al doped ZnSe produced a single yellow
band at 2.07 eV at room temperature. Similar heterojunctions
with Cu-chalcogenides have also been reported with ZnS.
Unfortunately the electroluminéscence efficiency is not

particularly good. Fischer (68) observed emission in a

band at 1.97 eV with n~type undoped ZnSe crystals, and showed



- 18 -~

that the metal semiconductor contacts produced light by
impact ionization in reverse bias, and by hole injection in
forward bias, if the work function of the contacting metal
exceeded 4.8 eV (e.g. Pt or Ir); More recently Allen et al
(69) have prepared Schottky diodes which_are electroluminescent
when biassed in the reverse direction. They used Au apd In
contacts on Mn or Cu doped n-type ZnSe. Their electro-
luminescent spectrum consisted of a red band at 1.91 eV in

Cu doped ZnSe and a yellow band at 2.10 eV in Mn doped ZhSe
crystals. According to Allen et al, electrons tunnel from
the gold into the ZnSe where they are accelerated in the
high field of the Schottky barrier. The manganese activation
centres are then excited by impact and electroluminescence
results. Work on such devices is proceeding in these
laboratories and the need to understand the basic luminescen£
properties of ZnSe which is suitable for this application
was one of the incentives for studying edge and deep centre

emission.

1.4.5 Electxon Spin Resonance

Under certaln circumstances electron spin resonance
can be a powerful method of investigating the chemical
nature, the crystalline symmetry and the electronic structure
of paramagnetic defects in solids. The spin resonance
effects which have been observed in ZnSe can be divided into
three classes:~-

1. Mobile electrons: The mobile conduction electrons
represent the most elementary source of paramagnetism in a
solid. The mobile electrons move either in the conduction

band or in a shallow donor band. Such donor states are
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formed by substitutional halogen or group III metal ions
such as C1l, Bxr, I, Zn, Al and Ga. Free electron resonance
has been observed in cubic ZnS (70,71) and in cubic ZnS/ZnSe
mixed crystals (72). Donor resonance in ZnSe due to a
centre which is an association of a Se vacancy and a P,

As or Sb acceptor centre has élso been observed (73).

2. "Deep" impurity centres which are normally diamagnetic
can exist in the crystal. Such a centre can often be
converted into a paramagnetic state by trapping a phgto—
excited electron or hole. Subsequently, a conduction
electron may recombine with the trapped hole, leading to

a characteristic luminescence band in the visible region.
"Deep" impurity defect centres commonly known as "A centres"
have been found in ZnS (70,74), ZnSe (75) and mixed ZnS/ZnSe
(72) crystals. .They are formed by the association of a
negatively charged zinc vacancy with Cl1~, Br or I impurity
ions on nearest neighbour sulphur or selenium sites, or

3 or Ga+3 impurity ions on nearest zinc sites. The

with A1"
A-centres are thought to be responsible for the self-
activated emission of ZnS and ZnSe.

3. Transition metal ions: Extensive electron spin
resonance investigations have been performed on transition
metal impurities in ZnSe. The resonance of the iron grbup

impurities such as Cr+, Mntt and rettt

is strongly influenced
by the covalency in the bonding and by lattice distortions
caused by the size mismatch between the impurity and the

ion normally occupying the substitutional lattice site.

The electron spin resonance spectrum of Fe+++ in cubic ZnSe
can be identified by the appearance of a characteristic

five-line fine structure pattern, and the speétrum of Mn*t
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in ZnSe can be identified by the appearance of a six line
hyperfine structure. A considerable number of defect
centres can be formed by paramagnetic 34 ions, which are
often active as electron or hole traps. They can occur
either in the monovalent or in the trivalent éharge states.
Electron spin resonance investigations of 3d ions have been
performed mainly on Zn$ and CdS. The results may be
summarized as follows:

3a® configuration: Vanadium v'*' and Titanium T1**
have been observed in cubic ZnS (75,76). The resonance due

to the 3d2 configuration is characterized by an effective

spin value of s=l.

3d4 configuration: Chromium has been reported in

two charge states in ZnSe (77) and has been observed as
Cr++ with a 3d4 electron configuration.

3d5 configuration: An analysis of the hyperfine
structure of the 3d5 ions Cr+, Mn++, Fe+++ in II-VI
compounds has been given by Estle and Holton (78). The
resonance of Fe+++ has been reported (79) in ZnSe. More
measurements exist for Mn++ in ZnS, than for any other
impurity, but Mn++ in 2ZnSe crystal has not yet been reported.
Some paramagnetic defect involving Mn+f has however been
observed by electron spin resonance (73,80). In no case

could these centres be positively correlated with any of

the Mn++ emission bands.

? configuration: Electron spin resonance has

3d
failed to establish reliable models for the luminescence
centres responsible for the characteristic emission bands

of copper activated ZnSe and other II-VI compounds.
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1.5 Optical properties of ZnSe

The optical absorption, reflection, transmission
and luminescence emission spectra of zinc selenide méy be
divided into "edge" and "infra-red" componenté. Since the
nature of the edge emission and deep centre luminescence
forms the major topic for discussion in this thesis, the
optical properties associated with processes which occur
near the fundamental absorption edge are considered in
detail in the next chapter. Processes which occur at rather

longer wavelength are described below:

1.5.1 Infra-red emisgion and absorption

Halsted et al (8) have reported fluorescent
emission bands at 25 K, in undoped ZnSe crystals with
maxima at 0.78, 0.63 and 0.56 eV. The structure is
attributed to the emission associated with the'recombination
of an electron from an energy level 0.56 eV above the
highest valence band with holes in the three valence bands
of ZnSe. An emission band at 1.25 eV in copper doped ZnSe

was also reported.

Iida (82) observed green (0.530 um), yellow (0.570 um)

and red (0.640 um) bands in the visible and two emission bands
at 1.05 and 1.40 micron in the infra-red region, in as grown
ZnSe crystals containing Cu impurity. The visible emission
bands required ekcitation across the band gap, whereas the

two longest wavelength bands required longer wavelength
excitation. It is suggested that infra-red irradiation could
excite a hole to the valence band and the released hole

could then subsequently recombine with a free electron via

a non-radiative centre.. This would lead to infra-red quenching



- 22 -

when the sample was irradiated with both band gap and infra-
red radiation. The proposed energy level scheme and cor-
responding transitions are shown in Figure 1.6 (82). "i“
corresponds to the red emission due to the recombination

of the free electrons with\holes bound at "I". "II and

III" are responsible for yellow emission which occurs when
electrons bound at the levels "II" recombine with holes at
levels "III". Infra-red absorption excites an electron from
the valence band to levels "IV". The level "V" represents
the non-radiative centres through which most free electrons
recombine with holes.

The infra-red absorption spectra of ZnSe containing
impurities such as Al, Al-Li, Mn and Be have been studied by
Ibuki et al and Mitsuishi et al (83,84). They observed six
absorption peaks (at 0.0487, 0.0481, 0.0445, 0.0429, 0.0424
and 0.0420 eV) the intensities of which depended upon the Al
concentration. A study of the effects of heat-treatment on
ZnSe and Al-Li doped ZnSe shows that different bands occur
when the Li concentration becomes comparable to the Al con-
centration. Mitsuishi et al (84) suggested that Al occupies
the Zn site in ZnSe and acts as a donor, but when Al and Li
are used together Al acts as a donor and Li acts as an
acceptor, both replacing Zn.

A ZnSe crystal containing phosphorus or arsenic
exhibits broad luminescence bands in the red at 1.9 eV and
infra-red 1.15 eV (85). The results suggest that the active
centre consists of an unassociated phosphorus atom with the
excited electronic state lying close to the conduction band

edge.
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Miyamoto et al (86) examined the infra-red absorption
of undoped ZnSe and ZnSe:Al crystals at liquid'nitgogen
temperature. They observed weak infra-red absorption in
undoped ZnSe which disappeared after the crystal had been
fired in a selenium atmosphere. Therefore they suggested
that in undoped ZnSe, selenium Qacancies are responsible
for the photo-induced infra-red absorption which is ascribed to
the electronic transition from the neutral donor state of
the selenium vacancy to the conduction band.

Most studies of the infra-red properties of ZnSe
have been carried out near liquid nitrogen temperature at
77 K. As the temperature is decreased the intensity of the
infra-red emission is generally reduced and the edge emission
becomes intensive. There is a host of evidence indicating
that substantial zinc vacancies are responsible for the

infra-red properties of ZnSe.
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CHAPTER 2

EDGE EMISSION IN ZnSé

2.1 Introduction

In general the luminescent emission which occurs
near the band gap of II-VI compounds at low temperatures
is composed of three different groups of bands. The first
group is associated with the radiative annihilation of
free excitons and their corresponding phonon replicas. The
second group is attributed to emissionvfrom bound exciton
complexes and their phonon replicas. Finally the third
group is composed of a comparatively broad band emissioﬂ and
its replicas which occurs at somewhat lower energies.

The term edge emission is loosely employed to des-
cribe radiative recombination processes which occur within
several tenths of an‘electron volt of the energy gap. These
processes become increasingly more efficient as the tem-
perature is reduced and depend on the crystal and thé
intensity of the excitation. The near-band gap emission at
4.2 K consists of several series of sharp lines and broad
bands. The sharp lines which are at the higher energy limit
of the spectrum have been identified in CdS by Thomas and
Hopfield (1) as being associated with the recombination of
free and bound excitons.

The spectrum on the low energy side of the exciton
lines consists of a series of equally spaced bands
separated by the energy of the longitudinal optical (LO)
phonon of the host lattice. Usually at least two series
and sometimes more appear. Often, two associated series

are observed, then the high energy series (HES) is dominant
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at high temperature, and is usually attributed to the
recombination of free electrons with holes bound to
acceptors (2) ("free to bound" recombination). The low-
energy series (LES) increases in intensity with decreasing
temperature and is interpreted as being due to donor
acceptor pair-recombination (the so~called "bound to bound”
emission). The major part of this chapter is concerned.
with a discussion of the origin of the exciton lines énd
0of the components of the HES and LES emission in the edge
emission spectrum of ZnSe.

The luminescence of ZnSe is also strongly affected
by doping with impurities which produces deep acceptors.
This deep centre luminescence is also described at the end

of the chapter.

2.2 Exciton emission

A bound electron-hole pair can be produced in.the
crystal under excitation with energy slightly less than the
energy gap. Such bound electron-hole pairs are known as
excitons. They are uncharged and can move through the
crystal and transport excitation energy. Thus an exciton
can travel through the crystal and give up its energy of
formation on recombination.

Radiative recombination associated with the recom-
bination or annihilation of "free" and "bound" excitons is
responsible for the sharp lines close to the band gap.

These free and bound excitons in ZnSe are described below.

2.2.1 Free excitons

The free exciton may be though of as an excited state
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of the crystal consisting of an electron and hole in orbit
about each other at distances large compared with the atomic
dimensions. The recombination of the electron and hole may
result in the emission 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—Eex may he
absorbed to create a free exciton. The free exciton can

be treated in the same way as a free hydrogen atom, when it

becomes clear that it can exist in a number of excited

states with énergies given by

E_ = 13.6 —b—0 (1)

where g is the low frequency dielectric constant of the
material and n takes the values 1, 2, 3 for the ground and
various excited states. When the electron and hole execute
large orbits about their centre of mass their motions are
determined by the properties of the conduction and valence
band edges, so that they can be described by their effective
masses mé and mﬁ. The reduced mass p of equation (1) is
then given by y T = mg—l + mﬁ—l. Free exciton luminescence
can occur from the various excited states which may be very
similar, or close in energy to, the states responsible for
optical absorption and edge emission.

| Satisfactory measurements of free exciton absorption
spectra have been made in most wurtzite type II-VI com?ounds;
and in Zn0 (3) and CdS(1l,4) in particular. The exciton
absorption spectra of the cubic compounds have also been

studied by several authors. Aven et al (5) have measured

the absorption and reflectivity spectra of cubic ZnSe



crystals at 300 and 23 K. Their results are shown in

IF'igure 2.1. The curve at 23 K (black points) was obtained
by combining the absorption and reflectivity measurements.
The curve up to about 2.795 eV was calculated from absorption
data while the curve from about 2.785 eV towards higher
energies was calculated from reflectivity measurements using
a Kramers-Kronig inversion analysis. The peaks labelled

n =1 and n = 2 were interpreted as the ground and first
excited states, respectively. The excitons are formed from
holes in the F8 valence band and electrons in the r6 con-
duction band at k = 0. The energy of the n = 1 state
relative to the valence band was found to be 2.81 eV. From
the differences in energy between the n = 1 and n = 2 states

the binding energy of the exciton was calculated to be

EeX = (0.020 % 0.004) eV and the reduced mass y = 0.10 % 0.03 m.

In consequence the band gap is E, = 2,83 (4380°2) at 23 K.

G
Hite et al (6) have examined the thresholds of
absorption spectra of cubic ZnSe single crystals at
temperatures between 2.1 K and 200 K. They used zinc
purified crystals and found the ground state exciton absorp-
tion peak at 2.80 eV from the normal-incidence reflectance
spectra at 2.1 K by using a Kramers—-Kronig inversion. They
also measured the absorption coefficient in the weakly
absorbing region as a function of photon energy and
temperature and suggested that the energies for maximum
absorption were associated with the creation of "direct"
excitons assisted by the annihilation of one or more

longitudinal phonons. The "direct" phonon assisted process

is illustrated diagrammatically in Figure 2.2. Absorption



is a two stép process. The first step is the absorption

of a photon and the creation of the exciton in an inter-
mediate state with K = O on any one of the discrete exciton
bands which are shown a series of parabolas. 1In the second
step the exciton is "scattered by the absorption of a
longitudinal phonon of wave vector g to a final state with
K = g and energy hv + ﬁmz. This scattering is represented
by the small arrow. They assumed that the ground state
energy was dependent upon the temperature and they identified
the threshold for absorption as the creation of an exciton
by absorption of a photon assisted by one longitudinal
phonon. At temperatures of 99, 79 and 60 K energies

(E - hmg) for maximum ground state, direct-transition

x1
exciton absorption were foﬁnd at'2.752, 2.758 and 2.762 eV.
The longitudinal-optical phonon energy, ﬁwz, was found to
be 31.4 x 10°° eV. No evidence was found for any indirect
transition processes and they concluded that ZnSe has a
"direct" minimum band gap with the conduction and valence
band extrema at the centre of the Brillouin 2zone.

Park and Schneider (7) have studied edge emission
spectra of structurally pure, cubic ZnSe single crystals.
At 4.2 K they observed an oscillatory structure in the
excitation spectra of the sharp emission lines and a number
of emission peaks at 2.792, 2.790, 2.786, 2.779 and 2.776 eV
(that are formed by exciton plus phonons). These emission
peaks appeared in the energy region approximately 0.030 eV
below the ground state exciton energy.

Liang and Yoffe (8) have investigated optical
transitions in hexagonal ZnSe at 15 K. They found ground

state energies at about 2.8520, 2,9039 and 3.3199 eV for
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the three exciton series associated with the three valence
bands of the hexagonal modification. The binding energies

of these excitons were 0.022, 0.035 and 0.019 eV, respectively.
These transitions have been interpreted as direct, allowed
transitions over the minimum band gap associated with the
split valence bands at the centre of the Brillouin zone

(k = 0). They found the minimum band gap in hexagonai zinc
selenide to be 2.87 eV. The splittings of the three

valence bandswere found to be Ec - E. = 0.465 eV and

A

EB - EA = 0.065 eV at 15 K. They estimated the longitudinal
optical phonon energy at 0.030 eV from the shape of the

absorption curve at 78 K.

2.2.2 Bound Excitons

The excited states involved in one of the edge
emission processes in ZnSe can be described in terms of
electron hole pairs localized near ionized or neutral crystal
defecfs. For this reason the term "bound exciton complex"
has come into general use. Bound exciton complexes can be
created by optical excitation. The emission lines which
result from the recombination of these bound exciton com-
plexes occur on the long wavelength side of the free
exciton emission. The theory of the "bound exciton complex"
was developed with reference to CdS and is based on the
symmetry properties of the energy bands aésociated with the
wurtzite structure. CdS has been extensively studied by
many authors (1,9,10).

In developing the theory, Thomas and Hopfield (1)
developed first a special form of direct exciton wave

function and then applied group theory to the weakly bound
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excitons. Four bound exciton complexes were postulated.
These are (1) an exciton bound to be neutral donor, (2) an
exciton bound to an ionized donor, (3) an exciton bound to
a neutral acceptor, and (4) an exciton bound to an ionized
acceptor. In their theory only the lowest states of the
complexes were considered and the model was one of the
complex being bound together by forces similar to that in
the hydrogen molecule ion. The models were verified by
observing line splittings in the Zeeman effect.

Reynolds et al (l11l) made ﬁhe first detailed study
of the low temperature luminescence of zinc-blende ZnSe.
They observed many emission lines one of which was located
at 2.825 eV at 77 K. They did not give any assignment of
this emission line and merely suggested that it was some
sort of exciton emission. Comparison with more recent
studies suggests that their measurements were probably made
on crystals containing an appreciable contamination of
sulphur. Their other results will be discussed in Section 2.3.

Halsted and Aven (12) examined the edge emission
spectra of various II-VI compounds at 4 K, and established
a correlation between the bound exciton line spectra and
the broader, lower energy edge emission. They used informa-
tion gained in a magneto-optical investigation of CdS to
identify spectra in other II-VI compounds including ZnSe. -
Their results are shown in Figure 2.3 which illustrates the
procedure employed for acceptor defects. By purification
and subsequent introduction of acceptor defects, crystals
have been obtained which exhibit an exciton emission
process with a near-band~gap energy at 4 K which can be

correlated with the presence of a broader band emission
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process of substantially less than band gap energy.

They defined the exciton dissociation energy, EGI_ as the
energy difference between the zero phonon line and the
reflectivity minimum due to exciton absorption. It was
assumed that the lower energy emission results from a
transition to the same acceptor level from the conduction
band or shallow donor state close to the conduction band.
The acceptor ionization energy EA was obtained from the
position of the zero phbnon band of the lower energy emission.
A plot of E versus EA for all II-VI compounds gave a
straight liﬁz which leads to a ratio of the dissociation
energy of the bound exciton complex to the ionization energy
of the neutral acceptor of 0.10. In a similar way the
corresponding ratio for a neutral donor was 0.20. The
dissociation energy of an exciton bound to a neutral
acceptor was found to be 0.018 eV in self-activated ZnSe

and about 0.05 and 0.047 eV for Ag and Cu doped (acceptor
type) ZnSe crystals, respectively. A transition due to an
exciton bound to a neutral .donor was identified by examining
the edge emission in donor doped II-VI compounds. The
dissociation energy of that complex was found to be 0.0042 eV
for ZnSe neutral donors at 4 K.

Dean and Merz (13) have observed a large number of

sharp lines in the photoluminescence spectra of ZnSe at

4.2 K, under intense excitation with an argon ion laser.

The energy and intensity of the sharp lines was explained
in terms of recombination between donor-acceptor pairs at
various separations. At large separation the individﬁal
lines are so closely spaced that they merge to form the

first broad band of the lower energy edge emission.
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Additional sharp lines were also observed on the high
energy side of the paired emission at about 2.802, 2.797,
2.795 and 2.783 eV which were identified as the free
exciton, the 12 doublet and the Il lines respectively.

The component at about 2.802 eV was very close to the
position of the observed reflectivity peak which is dué to
the ground state of the free exciton formed in the I'g = Pé
transition. 12 lines are due to the decay of excitons

bound to neutral: donors. The lower energy'Ii line‘showé'

strong phonon co-operation, unlike the I, lines. The Il

2
line seemed to be doublet, (with a weak satellite at about
2.778 eV).  Dean.and Merz suggested that this was due to a -

lifting of the electronic degeneracy of the I, transition,

1
rather than to  the presence of two different acceptor:
centres. . |

Dean and Merz (13) also showed that annealihgaiﬁ
zinc vapour induced drastic changes in the luminescence of
ZnSe. After annealing in Zn vapour for 5 hours at 7OOOCf
they found .a new strong Ix sharp line located at about
2.793 eV just below the 12 lines. Unfortunately, the
identity of centre responsible for L line is as yet
unknown. In addition they also found very distinct pair
line structure on the high energy side of the zero-phonon
band of the lower energy emission. This will be discussed
in the next section.

Following this work Merz et al (14) investigated

substitutional donors, in cubic ZnSe using argon ion laser

excitation. They found the I, lines at about 2.797 eV

2

and 13 lines between 2.794 and 2.797 eV. These I2 lines

result from the recombination of excitons bound to neutral
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donors which were inadvertently present in low concentrations.

Below the 12 lines a strong and a weak I3

These doublets result from the recombination of excitons

line were observed.

bound to ionized donors. Below the I3 lines they found

two strong lines which were labelled IT Eeep' these

and I
were located at approximately 2.792 and 2.782 eV respeétively.
Both of these lines exhibited a strong series of LO phonon
replicas and were explained as excitons bound to neutral
acceptors; the so-called Il lines. The I?eep line exhibited
typical behaviour when the crystals were heated in Zn vapour
at 700°C being reduced in intensity. In the iow-éneréy
region (between 2.775 and 2.780 eV) the weak two-electron
transitions were superimposed on the broad background tail
below the I?eep line.

The measured emission spectra from undoped ZnSe were
very complicated and it was difficult to identify the various
spectral lines. For this reason two nominally undoped
photoluminescence spectra were compared with that from a
Cl2 doped sample. Small shifts were observed for the

excited states and 12 lines but large energy shifts occurred
for the doublets. Consequently, the energy level diagram
for exciton effects shown in Figure 2.4 was proposed. At
the bottom of the diagram, the idealized spectrum containing
the two-electron transitions and the 12 line is shown.

The energy-level diagram shows how these transitions arise.
The energy-level diagram shdws the ground'and excited states
of the three-particle complex composed of an exciton

bound to a neutral donor. The ground state (ls) and the
excited state (2s, 2p) of the isolated donor are also shown.

The principal transition is the I, line (which is labelled

2
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120) which originates from the ground state of the bound
exciton (120 state) and terminates with the donor in its
ground state. The weaker lines at higher enexrgy originate
from excited states of the bound exciton complex which are

indicated by the levels I (o = a,b,c and d) and also

2a .
terminate on the donor ground state. Two—elect;on transi-
tions originate from the ground and excited exciton states,
but leave the donor in an excited 2s or 2p state. The model
was checked by measuring the energy differences Aa

({a = a,b,c and a) in two ways as shown in Fiéure 2.4, (1)

from the separations of the bound exciton lines I and

20
(2) from the separation in the two-electron transitions.
They also identified the chemical species involved in the
two-electroﬁ transitions. This was done for the' donors
Al, Ga, In and Cl. A fifth donor (F) was identified from
the observation of the I3 lines. Donor binding energies
calculated from these observations were found to be
26.3+0.6, 26.9£0.6, 27.9:0.6, 28.9+0.6 and 29.3:0.6 meV
for Al, Cl, Ga, In and F respectively.

From the energies of the I, lines the exciton

20
binding energies for each of four donors were deduced and
plotted as a function of the central cell parameters. These
results were remarkably linear and constituted an empirical
statement of Haynes rule. Baldereschi has given a simple

derivation of this rule in the following way. The donor

binding energy ED can be written as:

ED = EO+PV

where E0 1s the effective mass binding energy, V is the

square-well potential in the central cell of the donor and
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P is the probability that the donor electron is in the
central cell. A similar expréssion holds for the binding

energy of the bound exciton, EBX:

= ! '
EBx EO + P'V

where Eé is the exciton reduced mass and P' is the probability
of the bound exciton electrons being in the central cell.

Combining these two equations gives

ls).

Eox =4 E + (p'/P) (Ej-E_) = A + (P /P) (EZP-E

Considering the limiting cases ofilight and heavy holes,
P'/P was estimated for light and heavy holes to have values
of 0.033 and 0.4 respectively. The results of Merz et al
were a good fit to the above calcplation and showéd that
the variation of the exciton binding energies for different
donors is a central cell effect. Similar arguments weré
also made for excitons bound to ionized donors. |

Liang and Yoffe (15) have investigated radiative
recombination in hexagonal ZnSe at 4.2 and 77 K. They found
the intensity of the bound exciton luminescence to be
strongly dependent on temperature. The dissociation energies
from the bound state were relatively small, ranging from
about 0.3 meV to 10 meV. They studied ahsorption and |
luminescence on the same ZnSe crystal in the Ed c direction,
and observed two IO and Ié exciton peaks at 2.851 and

2.849 eV,withI,, I

Y —2
2.838 eV respectively. Several other lines were also

and 13 lines at about 2.845, 2.842 and

observed, for example, I4 (2.831 eV), I. (2.828 eV),

5

1a 1b’ I3a (2.812 eV), 12b (2.809 eV) and

I3b (2.806 eV). They tentatively assigned the I

I (2.816 eV), I

1 and 12
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lines to excitons bound to neutral acceptors and neutral
donors respectively, and the I3 line to an exciton bound

to an ionized acceptor. They assumed that the 14 and I5

lines might be due to the emission of acoustic phonons

associated with I,. The (I, , I ‘ I I

3 2a’ 1b’ “2b’
lines were probably due to the emission of transverse and

ISa) and (I 3b)
longitudinal phonons associated with (Il, Iz, 13),
respectively. However, the origin of the I0 and Ié exciton
lines was not well understood.

| Liang and Yoffe have also studied the luminescence
spectrum of hexagonal ZnSe after it had been bombarded by
manganese ions with energies of 75-100 keV. The bound
exciton emission was compared befofe and after bombardment.
The ion damage was found to alter the environment of the
donor and acceptor impurities, by changing the crystal.
structure locally from the hexagonal to the cubic modifica-

tion. In the spectrum of the bombarded crystal, they found

an I, line (which had appeared in hexagonal ZnSe), new Ll’

3

peaks at about 2.797 and 2.783 eV and also L and L

3 3a 3b
peaks in the region between 2.773 and 2.690 eV. They con-
1 and L3 were due to excitons bound to neutral
donors and to neutral acceptors respectively while L3é and

L3b corresponded to one and two LO phonon replicas of L3.

2.3 Phonon-Assisted Edge Emission

Many of the II-VI compounds exhibit a series of

‘emission peaks on the long wavelength side of the absorption

edge. These peaks have an equal energy spacing which is
equal to the LO phonon energy of the host lattice. The LO

phonon energy is related to the transverse optical (TO)
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phonon energy by the Lyddane, Sachs, Teller relation

Bro = Ero (es/em);i - (@)

N

where eg is the static dielectric constant and ¢_ is the
high frequency or optical dielectric constant. The phonon
assisted bands in the series have a width of about 12 meV
which is quite broad in comparison with the bound exciton
emission. The bands occur at lower energies at 4.2 K than
they do at 77 K.

Fluorescence emission of near-band-gap energy in

II-VI compounds at low temperatures occurs by the simultan-

.eous emission of photons and O, 1, 2, 3 .... LO phonons.

The relative intensities of the bands within a set have been

described by a relation of the form (16,17)

- -1
In = Io N /n! - (3)

where IO is the intensity of the zero phonon line, In is the
relative intensity of the (n+l) th line involving the
emission of a photon plus n phonons. N is the average
number of emitted LO phonons.

Kroger (18) first recognized the above emission
bands in CdS and ZnS crystals. Following this initial
observation, a model of fluorescence in II-VI compounds
was proposed (19,20) which was based on the recombination
between free electrons and trapped holes at an impurity
centre. Lambe and Klick (21,22) proposed a different |
model in which they suggested that the luminescence resulted
from the recombination between trapped electrons and free
holes.

Reynolds et al (l1l1) have studied the edge emission

of ZnSe crystals over a range of temperatures from 4.2 to
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77 K. The crystals showed a number of lines and bands near
the absorption edge. The onset of intrinsic absorption

in ZnSe at 4.2 K occurs at a photon energy of 2.83 eV.

Two different characteristic types of spectra were observed
in their investigations.. With type I crystals, the emission
spectrum at 4.2 K contained 10 lines located between 4400
and 49002; at 77 K the spectrum contained only two lines.
In addition to the 10 line spectra, Reynolds et al (11)
observed three broader emission bands at 4950, 5350 aﬁd
61108. The energy separation of five of the ten lines was
equal to the LO phonon energy, 0.03 eV calculated from the
measured value of the TO phonon energy, 0.026 eV, indicating

that the lines L a—aL ' 44488 no-phonon

3 3e 3a
line, and LO phonon interactions. At 77 K, the two observed

result from the L

peaks did not appear to belong to the phonon-assisted
emission series, but were derived from the shorter wavelength

Ll and L., lines.

2
With type II crystals, the emission spectrum at
4.2 K contained 14 lines and bands located between 4400 and
4900 R; at 77 K the spectrum contained only three lines
one of which was located at the fundamental absorption edge
(4388 R). In the 14 line spectrum a phonon assisted-series

was also observed with the no-phonon line Ll at 45988. At

0]
77 K a different emission series was observed which was
shifted to higher phonon energy by about 0.015 eV. This
shift in the position of the phonon-assisted emission bands
with temperature is similar to that observed in the green
emission of Cds.

The changes in the ZnSe phonon-assisted edge emission

with temperature are illustrated in Figure 2.5a (11). The
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0 and the replicas lines LlOa to LlOC which are

prominent at 4.2 K vanish as the temperature is increased

line Ll

to 77 K, while two different lines N, and N, appear in

the process. Since N is related to N2 via a phonon inter-

2a
action, one need only account for the origin and behaviour
of N2; similar remarks apply to LlO' To égcount for»the
changes in the edge emission, Reynolds et al suggested the
energy scheme depicted in Figure 2.5b, with an acceptdr
level located 0.12 eV from the valence band, and a shallow
trapping level 0.015 eV from the conduction band édge..
According to this scheme, LlO results from a centre-to-centre
transition which is dominant at 4.2 K. When the temperature
is increased, the 0.0l15 eV level becomes depopulated, and
the dominant transition N2 occurs between free electrons in
the conduction band and holes trapped at the acceptors.

Reynolds et al (11) have suggested that the
different emissions from the two types of ZnSe crystals
might be attributable to different host lattice defecté.
While this is certainly possible it may be that some of the
differences are connected with stacking faults and the .
possibility of obtaining crystals with mixed cubic—hexagdnal
structures. Park and Chan (23) have pointed out, there is
a shift in absorption edge between cubic and hexagonal ZnSe
at room temperature of the order of 180 R.

Halsted et al (24) studied the edge emission spectra
of several II-VI compounds. They determinated the LO
phonon energy to be 0.0314 eV for cubic ZnSe which is
clearly equivalent to the longitudinal phonon energy cal-

culated from equation (2) and restrahlen data. Halsted

et al (25) have identified fluorescence emission bands which
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result from the addition of specific dopants (Cl, Ag, Cu,
Au), and they have used equation (3) as a basis for
characterizing spectra with resolved LO phonon structuré;'

.Liang and Yoffe (15) studied hexagonal ZnSe and
observed a series of phonon assisted bands near the absorption
edge, which were separated by equal energy intervals of
0.0318 + 0.0004 eV. Their emission spectrum at 77 K con-
tained 5 peaks between 2.7461 and 2.620 eV while at 4.2 K
the spectrum also contained 5 peaks between 2;7384 and
2.612 eV. These two series were explained in terms of a
transition between an electron in the conduction band and
a trapped hole at 77 K, and a transition between a trapped
electron and a trapped hole at 4.2 K.

The shift in the phonon-assisted emission peaks with
temperature can therefore be explained in terms of various
localized defects and an important class of band edge
emission processes in II-VI compounds therefore invol?és
two defects. The theory of transitions between pairs of
defects, i.e. the "donor-acceptor pair" emission has been

confirmed in studies of ZnSe.

2.3.1 Donor-acceptor pair emission

Historically, the dbnor—acceptor pair recombination
process, in which an electron on a donor recombines with a
hole on an acceptor, was first suggested by Prener and
Williams (26) to explain the broad green and red luminescence
bands in ZnS. However, detailed evidence for the existence
of this process was not obtained until the characteristic

sharp line structure (due to no-phonon recombinations)
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resulting from many different discrete pairs was observed
by Hopfield et al (27) and Thomas et al (28) in galliuﬁ
phosphide. As described in the preceding sections Pedrotti
and Reynolds (2) have obtained support for the model
originally proposed for the edge emission in CdS, in which
the high energy series (HES) is attributed to the recompbina-
tion of free electrons with holes bound to acceptors
("free-to-bound" recombinations) and the low energy series
(LES) is associated with the recombination of electrons
bound to shallow donors with holes bound at the same
acceptors ("pair" recombinations). Colbow (29) extended
the measurements on CdS and used the technique of "time-
resolved spectroscopy" at different temperatures. His
results indicated that the LES spectrum displayed a substan-
tial shift with time at 4.2 K. In addition it was shown
that the LES bands also broadened and shifted to highef
energies as the excitation intens;ty increased. Howevef,
the HES spectrum was found to show neither the "time-shift"
nor the "intensity shift" (29,30). These shifts have been
explained in the follbwing way.

The ground state of a donor-acceptor pair is
characterized by both particles being in their respective
ionized states. A donor-acceptor pair is in an excited
state when an electron and hole are captured by the ionized
donor and acceptor respectively. Pailr emission occurs when
the bound electron recombines with the bound hole. The
emission energy of a bound-to-bound transition from a donor-
acceptor pair, separated by r, where r is large compared to

the radii of the wave functions of the donors and acceptors
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is given by;

2 A
- - e_ -
E(r) = Eg (ED + EA) + T (4)

wheré EG is the band gap energy, ED and EA are the ionization
energies of the isolated donors and acceptors respectively,

e is the electronic charge and ¢ is the low frequency
dielectric constant. The final term is due to the Coulombic
interaction of the donors and acceptors. For an isolated
pair, values of r are limited by the crystal structure and
range up to a maximum value, ror equal to (donor or acceptor
concentration)—l/3. The possible values of r are discretely
distributed and a spectrum of discrete lines will result.
Assuming the concentration of the ionized donors and
acceptoré to be equal for neutrality reasons, and the neutral

donor~acceptor pair separation to be r, the recombination

transition probability (W(r)) is approximately given by

W(r) = WO exp (—2r/rB) (5)

B
of the less tightly bound carrier, which for E

where Wo is the reaction constant and r_ is the Bohr radius
A>ED is the
electron.

Equation k4) shows that recombination of close pairs
leads to different values of E(r) for different values of r.
For this reason, numerous sharp lipes arise for the many
possible separations between the donors and acceptors,}and a
particular line can be assigned to a particular pair sepéra-
tion. It has been shown (27) that by doping the Ga or P
sub-lattices of GaP, different values for r are obtained and

hence different line spectra result. Using equation (4) the

values of (ED+EA) for a particular pair of impurities can
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be derived. For large r, the discrete, closely spaced lines
merge into a broad continuous band which is the zero order
member of the LES edge emission. The emission intensity.'
from isolated pairs at separation r will be proportional to
the number of pairs. For separations less than r, the
relative number of isolated pairs of separation r is propor-
tional to the number of lattice positions, the thermal
history of the sample and the diffusivities of the doﬁors
and acceptors. In GaP the broad emission has been clearly
associated with the pair lines and shifts with these lines
when (E+E,) is varied.

Since the lifetime of the pairs is expected to vary
with r, it was anticipated'that a study of the spectrél
distribution during the decay of the broad band emission
would be instructive. Thomas et al (30,31) have investigated
both theoretically and experimentally the consequences of the
varying transition rate with pair separation. For large r,
equation (5) predicts that the intensity, I(t), of the emitted
light at time t after excitation will involve a sum over all
pairs of the product of W(r) for a particular pair with the
number of such pairs present after time t. The result is
that the decay of the total light intensity is non-exponential,
and such a decay does not imply the existence of a distribu-
tion of trap depths and thermal detrapping. The spectral
distribution of a decaying pair band after flash excitation
will shift to lower energies and the band will decrease in
width during the decay. This is a diredﬁ consequence of the
more rapid decay of the pairs with smaller separations which
contribute the higher energy photons and the reduced Coulémbic

broadening with the longer lived paigs of large separations.
ﬁ‘ P
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One might predict from equation (5) that pairs with large
r with the longer decay times, would be saturated with
increasing excitation intensity. This would result in a
shift of the pair emission band to higher energies, such a
shift has been observed in CdS by Orr et al (32).

Sharp line spectra merging into the zero phonon pair
band were first observed in GaP. Originally with the II-VI
compounds the pair line structure was not observed. Most of
the II-VI compounds are direct—gab semiconductors, whereas
the III-V compounds, such as GaP in which pair line structure
has been observed are indirect-gap semiconductors. In order
to observe discrete pair line emission in direct-gap materials
very high intensities of excitation are needed since the
intensities of pair lines arising from pairs with small
separations must be saturated. Such excitation intensitiés
are expected to be much higher in direct semiconductors than
in indirect ones. 1In addition the emission of bound excitons

is much stronger in direct II-VI compounds than in indirect

-III-V compounds, and this luminescence appears in the same

region as that in which pair line structure is expected.
Iida (33) studied the edge and self-activated
emission of pure ZnSe crystals. At the highest excitation
intensity no discrete pair lines were observed, However,
the edge emission contained two series of bands attributed
to the HES at about 2.703 and 2.675 eV at 77 K and the LES
at about 2.700 and 2.671 eV at 4.2 K. Values of the donor
and acceptor binding energies were calculated from time-
resolved measurementé, using equation (4), to be 26 * 3 meV
and 100 *+ 1 meV respectively. The observed LES depended on

the intensity of excitation and shifted by about 0.005 eV to



lower energy under weak excitation. The LES emission bands
also shifted by about 0.003 eV to lower energies some 50usec
after excitation. This is shown in Figure 2.6. As explained
above this behaviour is expected from the slow decay of pairs
with larger separations.

Very recently discrete donor-acceptor lines have been
observed in the emission spectra of cubic ZnSe by Dean and
Merz (13). A typical spectrﬁm is shown in Figure 2.7. The
assignment of each line was made using the intensity
patterns calculated for the zinc blende lattice assuming a
type I configuration, i.e. that configuration in which the
donors and acceptors occupy the same type of lattice site.
The calculated intensity distribution was found to be in
satisfactory agreement with the experimental results except
for the lines associated with very close pairs. With the
type II configuration, i.e. where the donors and acceptors
are on opposite lattice sites, no agreement at all was found.
In Figure 2.7, the sharp lines are due to electron-hole
recombination at distant donor—-acceptor pairs with different
mutual separations. The integers in parentheses denote the
shell numbers m, 1i.e. the separation of the pairs. mn is
defined by r = (% m)% a, where a, = 5.67 & is the lattice
conétant. The numbers not in parentheses indicate the total
number of pairs within a given shell m. For m = 14 or 30
no pairs are possible. The positions corresponding to such
shell numbers are denoted by "G" in the spectrum and clearly
no sharp lines are observed at these positions which lends
strong support to the interpretation. The energy positions
of the various lines are also in good agreement with those

predicted by equation (4). However, the agreement becomes
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worse for close pairs corregponding to r g 30 i (m ¢ 55).
The experimental energies of such lines change with r at a
slower rate than predicted. As to the chemical identities
of the donor and acceptor responsible for these pair lines,
no information can be offered at present.

Dean and Merz found two series of the broader edge
emission bands after annealing in 4n vapour at 700°C. The
higher energy series had its zero phonon member, RO at about
2.710 eV with three LO phonon replicas at 2.677, 2.664 and
2.612 eV. In fact this Ro band is associated with the pair
emission discussed above and is composed of a large number
of unresolved distant pair lines. The second series of bands
labelled Q, had its zero order member Qo at abou£ 2.692 eV
with three LO phonon replicas at about 2.659, 2.629 and '
2.597 eV. No fine structure associated with QO was found.
The R bands exhibited several of the characteristic properties
of "pair" recombination. In particular they had long nén-
exponential decays. The high energy tails of the bands
decayed first, causing a reduction in bandwidth and displace-
ment of the band maxima to lower energies with time. The RO
band also broadened and shifted to higher energies as the
excitation intensity was increased,

Donor-acceptor pairs associated with the three
donors (Al, Ga and In) have been observed by Merz et al (34},
in the photoluminescence of ZnSe excited by an argon ion

laser at 1.6 K. The donors were identified from the radiative

recombination of the excitons bound to neutral donors (12 lines),

the excitons bound to the ionized donors (I3 lines) and the

two electron transitions, which have already been described
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in Section 2.2.2 (l14). Merz et al observedbound exciton

emissions which they called IDeep and I?, together with I,

1 2
lines in the region of 2.78 to 2.80 eV. At lower energies
below the Igeep line, donor-acceptor pair lines were observed
at about 2.76 and 2.75 eV together with phonon replicas of
the I? and I?eep lines. A large number of the sharp, closely-
spaced pair lines were observed, which merged into a broad
band at about 2.694 eV, which had two LO phonon replicas at
2.662 and 2.632 eV. These donor-acceptor pair lines were
explained with the help of equation (4) and the polarization
interaction was considered for close pairs by adding a Van
der Waals term. For close pairs, the observed photon energy
from a donor-acceptor recombination process is significantly
increased by the Coulomb interaction. For distant pairs, the
differences Ar between successive shells are small, and the
lines merge into a broad band. For a low power density of
the exciting light, this broad pair band dominates, since

the distant pairs have longer lifetimes than close pairs.

As the excitation power increases, the distant pairs become
saturated and the peak of the pair band begins to move to
higher energies. The identification of the individual
discrete lines in the spectrum was made on the basis of type I
pairing where the pairs occupy the same type of sublattice.
Three different pair systems were obtained when the crystals
were doped with Al, Ga or In. The intensity of the pair
lines depended on the doping level. Li and possibly Na

were found to be the only soluble shallqw acceptors in ZnSe
The pair spectrum reported by Dean and Merz (13), was also

observed and re—-examined but the chemical identities of the

donor and acceptor responsible could not be determined.
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2.4 Deep Centre Luminescence

Broad emission bands with photon energies well
below the band gap are readily observed in most II-VI
compounds. Such bands are associated with deliberately
added impurities'or defects in the host lattice. Two types
of impurifies can be introduced into II-VI compounds to
modify their luminescent behaviour. They are called
(1) activators (acceptors) (2) coactivators (donors). The
activator elements are copper, silver, gold, for.example;
which occupy group II cation sites and behave as deep
acceptor leﬁels (luminescent centres). The activator impurity
has been thought of as the site at which the recombination of
an electron and hole occurs With the radiative emission of
of energy. The coactivator elements are Cl, Br, I,Al, Ga,
In etc., where the halides occupy group VI anion sites and
the aluminium, gallium or indium occupy cation sites. All
of these form donor levels. 1In addition to the defects
associated with deliberately added impurities, all crystals
contain a certain concentration of native defects. These
nétive defects usually provide self activation or coactivation
for the luminescence of II-VI compounds and can behave as
double acceptors or donors.

For the most part the numerous emission bands in
II-VI compounds have been studied with particular reference
to ZnS and CdS. Three basic models to describe the deep
centre luminescence have been proposed and these are
illustrated schematically in Figure 2.8. (a) The Schdn-Klasens
(19,20) model regards the luminescence as the result of
radiative recombination of an electron from the conduction

band with a hole trapped at an acceptor level several tenths
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of an eV above the valence band, (b) the Lambe and Klick
(21) model attributes the luminescence to the recombination
of a hole in the valence band with an electron trapped at a
level slightly below the conduction band, (c) the Prener-
Williams (26) model involves the recombination of an electron
captured at a dcnor with a hole captured at a nearby |
acceptor; the luminescence is due to a localized electron
transition within a centre composed of these associated

pairs.

2.4.1 Self-activated emission

The mechanism of the self-activated emission ih
II-VI compounds generally is uhcertain, but in 2nS a con-
sistent interpretation has been achieved on the basis of
the Prener-Williams model. A defect consisting of a close
association of a doubly ionized zinc vacancy acceptor and
an ionized impurity donor has been identified as the
luminescent centre. The emission peak shifts to longer wave-
lengths when the coactivator is changed from anion (Cl) to
cation (Al) substitution. This lends further support to the
proposed model. A similar conclusion has been suggested
for ZnSe by Holton et al (35) Who observed self-activated
emission bands at about 1.987 in ZnSe : Cl, and 1.934 eV
in ZnSe : Al at 80 K.

Lehmann (36) has examined the self-activated
emission of cubic zinc selenide at 77 K which according to
him consists essentially of a single band with the peak
at about 2.0 eV.

Larach (37) observed cathodoluminescence emission

bands at about 1.946 and 2.032 eV bands in undoped and
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Al doped .ZnSe crystals at 300 K. Aven and Woodbury (38)
observed a single Gaussian shaped band at about 2.066 eV in
zinc selenide following Zn extraction and Halsted et al (25)
also found the same band in the emission of undoped ZnSe

at 25 K. Stringfellow and Bube (39) examined thelluminescence
emission spectrum at 85 K and found a broad band with a
maximum at 2.03 eV. Liang and Yoffe (15) observed an emission
band at 2.02 eV in hexagonal ZnSe and suggested that this

was due to the chlorine and bromine impurities in the ZnSe
powder.

Iida (33) had made a detailed study of the
characteristic self-activated emission in ZnSe at different .
temperatures. A single band with a peak at.about 2.026 eV
was observed at 4.2 K. This peak shifted by about 0.04 eV
to higher energies between 4.2 to 201 K. The time-resolved
spectra of the self-activated emission was examined and a
shift of about 0.07 eV to lower energies was apparent at
various times after excitaﬁion. An "Intensity shift" was
also observed. Iida considered the applicability of two
models to the self-activated emission. First, the donor
acceptor pair recombination model, which involves the
shallow electronic levels where the interaction energies of
the levels with the lattice are smaller than the Coulomb
energy between the donor and the acceptor. Second, the
configurational coordinate model, which is used to describe
deep and gquite localized energy levels where the energy of
interaction with the surrounding lattice is an important
part of the total energy. In the present case the displace-

ment of atoms surrounding the acceptor was considered.
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Consequently, the self-activated emission was attributed
to the recombin&tion of electrons bound at shallow donors
with holes bound at deep acéeptors. The value of the

acceptor binding energy was found to be 0.35 eV from the

thermal quenching of the luminescence.

2.4.2 Copper activated emission

Copper impurity has long played a central role in
the photo-electronic properties of many II-VI compounds and
several broad bands are found in ZnS, ZnTe, CdS, CdTe, con-
taining copper. In ZnSe, generally, two broad luminescence
bands are found which are known as the copper green and
the copper red emissions. Usually the bands shift.slightly
in'wavelength with varying copper concentration. Studies
of the luminescence of zinc selenide have been relatively
few compared with those of ZnS, and the luminescence in
ZnSe is usually interpreted in analogy with ZnS. However,
the mechanism of the copper blue and green emissions in
ZnS has not been resolved with any great certainty. Curie
(40) has suggested that the green emission results from an
electron transition (of the Prener-Williams type) betWeen
a coactivator level, and an associated copper activator
level. The copper blue emission seem§ to be generally
ascribed to a transition between an electron at the bottom
of the conduction band and the copper level, i.e. a
Schon-Klasens type of transition. Dielman (41) has concluded
that with the copper red emission ZnS:Cu the copper behaves
as a singly ionized donor defect so that the luminescence

transition involves the recombination of a free hole with
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a trapped electron and is therefore of the Lambe-Klick
type.

A single red band at about 1.907-eV in Cu doped
ZnSe was first cbserved by Larach (37) and three broad bands
at about 2.34 eV in the green, 1.95 eV in the red and 1.25 eV
in the near infra-red were observed by Halsted et all(25) at
25 K. No detailed conclusions were drawn.

Lehmann (42) has made extensive studies of the copper
green and red emissions in ZnSe and several alloy systems
formed between ZnS, CdS, ZnSe, CdSe, and ZnTe. The emission
from ZnSe:Cu, Cl, consists of two diffuse bu£ fairly well
separated bands in the red at 1.95 eV and the green at 2.35 eV
at 77 K. In ZnSe replacement of the zinc by cadmium caused
a steady shift of both emission bands to lower energies,
whereas replacement of the selenium by tellurium caused very
little change. Lehmann has proposed a qualitative explanation
of his results which assumes a predominantly ionic type of
binding. He associated the cation with the conduction band
and the anion with the valence band. The luminescence is
ascribed to electron transitions from the conduction band
into previously emptied levels of centres which consist of
the activator ions and the four surrounding chalcogenide
anions. Replacement of zinc by cadmium causes a variation
of the conduction band only, while the activator electron
levels and the valence band remain unchanged. Hence the
energy separation of the activator level and the valence
band is independent of the Zn/Cd ratio while replacement
of selenium by tellurium only affects the energy separation

between the activator level and the valence band.
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Iida (43) has studied the luminescence of as-grown
zinc selenide ckystals contraining Cu impurity. He found
three luminescence bands in the green at 2.339 eV, yellow
at 2.175 eV and red at 1.937 eV. The green and yellow b;nds
could only be observed below 77 K. The yellow emission shifted
with excitation intensity. An examination of the fime—
resolved spectra showed that the green emission decayed
faster than the red emission and no spectral shift was
observed with either emission bands. As the delay time was
increased from zero to 300 y sec a large shift to lower
energies by 0.15 eV was observed in the yellow emission. The ;
green emission was considered to correspond to the blue-éopper
emission in zinc sulphide, because no shift was observed in i
the time-resolved spectra. On the other hand the green (
emission was discussed in terms of a multivalent copper -
impurity model. No correlation was found between the green \
emission and photoconductivity. For this reason no decisive
statement as to the nature of the centre could be made. The |
yellow emission was attributed to donor-acceptor pair recom-
bination. The absence of a "time-shift", and the nén-
exponential decay of the red emission led Iida to suggest
that the transition involved a free electron and a hole bound
at a deep acceptor.

Stringfellow and Bube (39) proposed a recombination
mechanism for ZnSe:Cu in terms of a multivalent-copper-
impurity model. This model required Cu+ and Cu++ ions sub-
stituting on the Zn sublattice to be responsible for the red
and green luminescence bands, respectively. The emission
spectrum ét 77 K reveals a red band with a maximum at 1.97 eV

and a more intense green band with a maximum at 2.34 eV. At
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16 K another red band was found with a meximum at'l.95 ev,
The photoelectronic properties of ZnSe:Cu were described in
terms of a defect which is optically active in three charge
states, Cuén, Cugn and CuZn' The Cuén which is the
dominant acceptor centre, with an energy level 0.72 eV above
the valence band is responsible for the red emission at:
1.97 eV. The red emission at 1.95 eV is associated with
the recombination of an electron, either in a shallow level
0.012 eV below the conduction band or in the conduction
band itself, with a hole captured at the Cuén centre. Cu}Z(n
is responsible for the green emission, which results from
the recombination of an electron in the conduction band
with a hole captured at a Cu}z{n centre, which has a leVel
0.35 eV above the valence band. The neutrality condition
that Cuén = CuZn fixes the lowest position of the Fermi

level obtainable at 0.53 eV above the walence band.

2.4.3- Manganese emission

Manganese as a luminescence activator in zinc
sulphide has been studied most thoroughly and various
investigators agree that the Mn++ ion occupies a substitu-
tional anion site. 1In ZnS the emission consists of an
orange band at 2.116 eV. The optical absorption spectrum
of Mn++ in ZnS consists of five peaks in'the visible region
which have been identified by McClure (44) and by Langer
and Ibuki (45) in terms of electronic transitions between
the levels of the Mn®' ion split by the crystal field.

In ZnSe, fine structure in the optical absorption
spectra of ZnSe containing 0.1 mole% Mn has been reported

by Langer and Richter (46). They observed three bands at
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about 2.617, 2.429 and 2.234 eV at 4.2 K, which correspond
to the following transitions in the tetrahedrally coordinated
Mn™t ion: 6A1 —> 4Al, g; 6A1 — 4'1'2 and 6Al — 4'1'1
respectively. -The 6Al ——»4Al, 4E transition was associaﬁed
with the third absorption band, which lay in the fegion of
high intrinsic absorption. Seven strong and weak lines were
observed between 2.626 eV to 2.647 eV, These lines were

attributed to interactions with lattice phonons. The

.6 4

A, — T2 transition was associated with the second absorp-
tion band which was also superimposed on the tail of the

intrinsic absorption edge. Weak structure lines were

observed at higher energies. The 6Al —9»4Tl transition was

associated both with the emission and the absorption band
of lowest energy. No structure was found in absorption, but
three emission lines were found at about 2.275, 2.232 and

2.132 eV at 4.2 K. The 2.132 eV emission line corresponds

6
l-—é- A1 transition.

The properties of the manganese luminescence centre

to the zero phonon 4T

in ZnSe have not yet been firmly established because the
self-activated and the copper red emissions lie in the same
spectral region. However, Larach (35) observed an emission
band at 2.087 eV in the cathodoluminescence of Mn doped
ZnSe. Apperson et al (47) observed three luminescence
emission bands at about 1.95, 1.24 and 0.5-0.7 eV at 90 K
in manganese activated ZnSé. They suggested that. the 1.97
eV band was characteristic of 3d shell transitions in the
mntt ions while the other two were independent of the
manganese concentration. Asano et al (48) found a broad
emission at 1.925 eV in ZnSe:Mn at 80 K while Allen et al
(49) reported a rather broad band at 2.10 eV at 118 K.

Recently Jones and Woods (50) have measured the excitation
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and emission spectra of a single crystal of ZnSe doped
with MnClz. They observed three excitation bands with
maxima at about 2.308, 2.467 and 2.667 eV, and they
identified the characteristic, relatively narrow mntt
emission band as having a maximum at 2.115 eV when excited
by 2.308 eV radiation. The emission was thermally quénched

with activation energies of 0.03 and 0.3 eV.
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CHAPTER 3

: EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Introduction

A good general picture of the optical properties
of the ZnSe crystals can be obtained by measuring their
lumineéceﬁce emission and.absorption spectra near the band
edge. A number of interesting characteristics of edge
emissioﬁ spectra may be observed at low temperatures, under
continuous band gap excitation. The edge'emission spectra
are strongly dependent upon the stoichiometry and impurity
contenf of the ZnSe crystals, and on the intensity of the
excitation, The purpose of this work has been to examine
the photo-excited edge emission, deep centre luminescence
and optical absorption edge of the ZnSe crystals, at liquid
nitrogén and liquid helium temperatures in an attempt to
establish a correlation between the growﬁh conditions énd the
spectral distribution of the various luminescence emissions.
The present chapter describes the major experimental details
of the material preparation, the cryostat, and the optical
apparatus, The experiments have been,ﬁerformed in an
attempt td~analyse more accurately and to develop a.more
useful understanding of the edge emission in ZhSe single

crystals.

3.2 nystal growth

The zinc selenide crystals studied during the course
of this research were grown in this laboratory in a furnace
arrangement used earlier to grow crystals of cadmium sulphide.
The original teghnique was first described by Clark and

Woods (1,2), and developed by Burr and Woods (3) for the
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growth of ZnSe. A brief description of‘the method of
growi@gAsingle crystals of ZnSe is given in this section.

| The starting material used was eilther British Drug
Houses."optran" grade or Derby Luminescents "Electronic"
grade ZnSe. It was necessary to purify‘these materials.
For this purpose £hey were subjected to a vacuum sublimation
process to remove volatile materials and zinc oxide impurity.
During sublimation the zinc oxide remained with the charge.
Some 80 gm. of the sublimate was thenAcrushed, placed in
a silica boat, and loaded into a long silica growth tube,
as illustrated in Figure 3.1. A stream of high purity argon
(350 ml/min) was then passed over the inSe which was held
at a teﬁperature of llSOOC. Zinc selenide vapour was trans-
ported in the stream of.argon to a coolér parﬁ of the growth
tube where it condensed and crystals grew on a silica liner
at about 1050°C. The flow was maintained for five or six
days during which time some 50 gm. of the charge sublimed.
The crystals produced were pale yellow in colour and grew in
the form of rods and irregularly shaped plates containing
varioué low index faces. 1In this thesis such crystals will
be called flow-rgn crystals. The platelet crystéis were
found to have a cubic structﬁre as identified by X-ray back
reflectiqn and powder photographs togefher with examination
under the polarising microscope. In general the growth
surfaces of the plate-shaped crystals are (111) planes and
contain triangular growth patterns, which seem to be
characteristic of such crystals grown by the flow technique.
Similar growth patterns have also been observed by Park
and Chan (4). The rod shaped crystals'were found to have

a mixed cubic~hexagonal structure under the polarising
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microscopé and the optical c-axis was found to be parallel
to their length. Both platelet and rod—éhaped flow—iun
crystals were used as the starting material for the production
of a large boule by sublimation in a sealed silica capsule.
The vertical furnace arrangement and a typical
quartz glass capsule used to grow large bbules are shown
in Figufe 3.2, A schedule of evacuation, baking_and flushing
with argon was used to remove volatile impuritieé from the
quartsz gléss tube. The procedure was repeated after an
egcess of either selenium or zinc had been‘placed at the
bottom of the long silica reservoir shown in Figure 3.2,

Finally the purified flow-run ZnSe crystals were loaded into

the capsule together with any dopant which might be required.

After flushing three times with argon and several hours

6 torr, the tube was sealed off-frdm the

evacuation to 10
vacuumAsystem and inserted in the furnéce arrangement in the
positioh ihdiéated in Figure 3.2. The upper furnace was
then brought to the ZnSe sublimation teﬁperature near 1160°C,
Gréwth occurs at the'top-of the quartz tube at a teﬁperature
of about 1100°C. The ambient Vapour pressufe during growth
was étabilised by an excess of zinc in thé iésérvoir which
was held at a temperature of 555°c, this leads to the so-

called p condition. An identical situation arises with

min
an excess 0of selenium in the reservoir at 36000. The tube -
was then steadily pulled through the furnace system'when
thé temperatures were stable. As a result the temperature
gradiéht was effectively moved across the growth chamber
and led to the vapour transport of the ZnSe from the charge

to the upper part of the growth capsule, where the boule

crystal formed. The reservoir was maintained at a steady
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temperature to ensure a constant elemental partial pfessure
during growth. The pull was'usually stoppéd when about
half the charge had sublimed, but the quality of fhe
resultant boules did not appear to be dependent on the
pulling rate. Using this'method it was possible to grow a
crystal 30—40.mm long, weighing 20 gm. in.approximately

240 hours. The crystals were either cooled rapidly by.
removing7£he tube from the furnace sysﬁem or ﬁore usuélly,
were cooled slowly over a period of some 48 houré. The
latter pfbcedufe xesultedﬂin a considefabie reduction in
the built—in strain in a crystal. The boules grown in this
manner have a body colour which varies from pale yellow to
green and_are circular in section with a 1 cm. diameter,
X-ray back reflection and powder photographs show that these
crystals possessed the cubic zinc blende structure.

The changes in the physical properties of £he
"doped“lcrystals containing added impurities such as Mn, Cu,
Al, Ga, In, Cl,AMnClz, ZnS andLi compared with thoée of
"pure" crystals grown under the same conditions, confirmed
that trahspcrt of the dopant from the charge to the'boule

had taken place.

3.3 Sample preparation

Plane parallel slices had to be cut from the boules
and polished to produce samples for the transmission and
absorption measurements. These were then etched to remove
surfaée damage. In contrast the luminescence measurements
were made on cleaved faces which according to reflection
electron~-diffraction Were free from damage. The cleaved

samples were selected from the cenktral volume of .a boule,
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thus aVoiding the strain and damage prodﬁced by cutting
and polishing, and also avoiding regioné possibly contam-
inated by the wall of the growth tube. Cleaving meant
that the‘sample geometry was irregular, so that cleaved
samples were oriented by X-ray back reflection technigque
when nebessary.

For the absorptibn and transmission measurements
it was hecessary to orient the ZnSe ctystals before taking
any measutements. The first step was to hold the rough
uncut boule crystal on an X~-ray goniometer and take an
X~ray back reflection photograph. Examination of the photo-
graph provided information about the crystal orientation.
The goniometer was then readjusted until the (111) zone
axis ﬁas found. Having been locked, the entife goniometer
with its mounted crystal was transferred to a diamond'saw
wheretéiices of various thickness (0.5 mm to 5 mﬁ) were cut
from the boule, A slice was then mounted with "Durafix" glue
on to the mounting plate'of a "Logitech" pblishing machine
and carefﬁlly polished using 0.25 microﬁ diamond paste. The
polished surfaces were examined under the microscope. The
flatness of Ehe polished surface could be measwured to high
accuracy, by observation of the interference fringe pattern
formed between the specimen surface and an adjacent flat
glass reference surface. Finally the épecimen was remounted
to polish the second surface. The second face of the
specimeﬁ~was reasonably parallel ﬁo the first, further
high parallelism could be achieved if required by using an
autocollimator system calibration oﬁ the mounting plate.

The ZnSe slice was then etched in a dilute soluﬁion of
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bromine in methanol. The details of the etching technique

have already been fully described by Gezci and Woods (5).

3.4 The Cryostat

'The all brass, helium cryostat was manuféctured
by the Oxford Instrument Co. Ltd. and has been slightly
modified, The construction of the cryostat is illustrated

schematically in Figure 3.3. The essehtial features are:

(1) A two litre capécity liquid nitrogen jacket.
(2) A 1.3 litre capacity liquid helium pot.
(3) Two carbon resistors, mounted on a thin stainless

steel tube, for use as a depth gauge in liquid helium pot.
(4) - A demountable copper sample holder situated below
the liquid helium pot.. The copper radiation shield is also
demountable and is usually attached to the liquid nitrogen
jacket. ' The outer vacuum wall containé four silica windows
in different positions surrounding the tail, |

(5) A facility for electrical and thermocouple leads
which allows connection to be made to the sample from ouﬁside
the cryostat.

(6) The sample is maintained under a vacuum of>at least

1073

torr.

A conventional vacuum system, iﬁcorpqrating an
Edwards High Vacuum Ltd. ES 150 rétary pumﬁ'and water
cooled EO'l oii diffusion pump,was uséd to evacuate the
cryostat. Provision was made for the helium exhaust gas to
be collected and the liquid nitrogen to be pumped for quick
cooling éf the cryostat.

Indium was used to mount the zinc selenide samples

to the c¢old copper finger since it provided good electrical
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and thermal contact. The cold finger was detached from the
cryostat énd heated until the indium, cévering the sample
area, was molten. The heating waé then stopped and the
crystal piaced on the indium just before it solidified.

It was assumed that the effects of any heat treétment upon
the samples'during the course of mounting upon the copper
block-were negligible.

o A carbon radio resistor gave an indication of the
depth of liguid in the helium pot, and greatly assisted the
@stimation of the stage reached during‘the tranéfer of liquid
helium. A copper=constantan thermocduple was used to méasure
the temperature of the crystal. The thermbcouplé was
embedded in indium on the copper sample holder at a position
near to the crystal. No attempt was made‘to achieve eqﬁilib-
rium atvtemperatures intermediate betweén helium'ana'nitrogen.
A small temperature lag may well have éXiéted between the
indicated thermocouple temperature and actual crystal
temperatﬁre. After liquid hélium had been transferred to
the heiium pot the temperature recorded with , and without,
incident ultraviolét radiation was between 6 K and 10 K,
rising_tb 23 K to 25 K under QI (quartz'iodine lémp radiatién)
excitation. When heat absorbent filters (HA 1) were used
the temperature fell to between 10 K and 12 K. With liguid
nitrogen'in~the helium pot, the temperature measured under
the same conditions of excitation was 82, 85 and 82 K
respectively. If ﬁhe liquid nitrogen was pumped to a
pressure of 1 mm Hg the temperature measured under the above
conditions of illumination fell to 65, 68 and 65 K.

‘The cryostat could be cooled to temperatures inter-

mediate between those or liquid nitrogen and ligquid helium.
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A quiék and easy method of transferring liquid helium is
as follows: firstly the cryostat vacqum:system is

evacuated to a pressure of 1073

torr after which the nitrogen
jacket and helium pot are filled with liquid nitrogen. Then
liquid nitrogen is evacuated from the helium exhaust pipe
until a pressure of 1 mm Hg is obtained. The evacuation

is stoppéd and nitrogen gas at 4 pound/mm pressure is supplied,
this rembves all liquid nitrogen from the helium pot via

the vacuum syphon. Then the helium péﬁ'is re~evacuated

to a pressure of .10 2

mm Hg to0 ensure that no liquid
nitrogen remains. The vacuum is let down to atmospheric
pressuie With helium gas and approximately two litres of
liquid helium is transferred. This quantity of helium

can keep the specimen at 6 K for periods of up to four hours.

3.5  _ Photo~excitation

The photoluminescence of the zinc selenide crystals
was excited by U.V. radiation from a. 250 watt high pressure
mercufY'lamp filtered by two Chance glass OX1A filters to
pass 3650 & radiation. The 250 watt mercury lamé with a
59 series resistance was run under 82 volts, 4 amps.
stabilised d.c. and provided a total radiative flux of
approximately 100 watts. The radiative energy emitted at
3650 8 is approximately 16.4% of the total radiated intensity,
The traﬁémission of each 0OXlA filter is 70%, so the total
percehtage of the radiation emitted at 3650 X is 8.04%,
which amounts to 8 watts to be focussed on the crystal.
This fadiant energy was reduced using the various neutral

density filters, manufactured by Barr_and Stroud Ltd. A
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set of SQ%, 30%, 10% and 1% transmission filters were used
and in combination 15%, 5%, 3%, 0.5%, 0.3% and 0.l% of the
unfiltered energy could be obtained. Figure 3.4 (a,b, and
¢) shows the transmission characteristics of the selective
filters‘used, i.e., a 3 inch cell containing a saturated
solution of copper sulphate, an OX1A and heat ahsorbent

HAl filter. Figqure 3.5 (a and b) shows the transmission of
the neutial density filters and silica windows.

The arrangement used to excite the specimen and
colliﬁate the Jluminescence via two miifors is shown in
Pigure 3.6 (a). The number "one" window allowed the sample
to be irradiated with U.V. and the number "three" window
was used for the collimation system. .The same arrangement
was uséd with the spectrograph but a stigmatizing lens was
used to collimate the luminescence via the third window as
shown in Figure 3.6 (b). |

A second arrangement which was used for the‘trans-

mission and absorption measurements is shown in Figure 3.6 (c).

The sample was irradiated via the number "four" window with
light from the quartz iodine lamp. Light left the cryostat
via the number "two" wihdow and entered the condensing

gystem via the quartz stigmatizing lens.

3.6 Optica CF4N]l Spectrophotometer

The Optica CF4N1l is a double beam, recording
spectrophotometer principally designed for absorption and
transmission meagsurements. The spectral range is 0.185 um
to 3.1 um. When.usea as an emission measuring instrument,
the spéctral raﬁge depends upon the response of the

detectoxs. For absorption and transmission measurements
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two sdﬁrces were provided, namely a hydrogen discharge.lamp
and a low voltage tungsten lamp. The hydrogén lJamp was used
over the wavelength range 0.185 to 0.4Q0 um whereas the
tunqsﬁen lamp was used over the range frpm 0.320 to 3.1 um.

| The monochromator was of the Littrow type, with two
intefchangeable plane'gratings as the dispersive elements.
The spéndard monochromator dispersion was approximately
16 g/mm with a ruled grating with 600 lines/mm for Ehe‘
ultraviclet and visible regions (0.185 £o 1.0 um) ., The
dispersion was 32 £/mm for the near infré-red region
(0.9 ﬁm to 3.1 um), when a 300 lines/mm ruled double
grating arrangement was used. The monochromator slit width
was 3.6 mm at its maximum and the smallest division on the
slit drum was 0.02 mm,‘which was either automatically servo
operéted by the reference signal levei or could be changed’
by turning the handle. -

The light beam emerged from the monochromator through

the oniy lens'in the instrument which‘cbndensed £he‘1ight
on to a system of mirroxrs. A rotatihg mirrot and fiked
mirror in each beam passed the light through the reference
and sample cells, . alternately at 18 cycles per second.
The two rotating mirrors were driven by an external motor
and displaced one aéainst the other by 1800,, 80 that
only one.was in the beam at any one time. Both beams were
exactly identical in length and were optically symmetrical.
The detector always saw_the light from the two cells -aloag
the same optical path. The differential electrical signal
from the detector was amplified and displayed on a Honeywell

chart recorder. Figure 3.7 illustrates the block diagram
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of the Op£ica spectrophotometer. For absorption measurements,
the double beam system avoided any necessity to compensate
for the spectral response of the photomultiplier and>the
spectral emission of the source. .

Te study an emlseion spectrum, light from the source
was focuésed on to the entrance slit of the monochromator.
The double beam ratlo amplifier was swiﬁched to the "Single
beam modé" when an electrical reference signal replaced
that prévided by the reference beam. The slit width was set
manually to the resolution required.

. mwo types of photomultiplier were used to span the
ultraviolet and visible regions. Theii gpectral sensitivities
are shown in Figure 3.8, 2n RCA'type 1P28 phogomultiplier
with én S=5 photocathode covered the rahge 0.185 to 0.62 um
while a higher sensitivity EMI type, 9781R with extended
S-5 response was used in the 0.2 to 0.75 pm range. A much
less sensitive Kodak Ektron lead sulphide detector was
provided for'use in the near infrared. Figﬁré 3.9(a) shows
the effect of the applied voltage on the photomultiplier
respohse for a constant monochromator slit width}.Figure 3.9 (b)
shows the photomultiplier response as a function of slit
width at constant photomultiplier voltage in the 0.53 um
region, Thesg calibration curves were used to estimate the
&elative intensity of the emission components of different
ZnSe crystals. |

To calibrate the spectrophotometer the emisgion
spectra of sodjum, mercury, and neon discharge tubes were

recorded. The wavelengths were on average +28 different

from the accepted values. More accurate wavelength analysis

wag made using the Bausch and Lomb spectrograph.
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3.7  .'Bausch and_Lomb Spectrograph

- A Bausch and Lomb (model 12) 145 métre grating
spectrégraph gave results in good agreement with thoée
obtained from the Optica.' The spectral ranges available
were 0.45 to 0.700 wm in first order, and 0.225 to 0.350 um
in second order. The dispersion was 10 A/mm in the first
brder and 5 R/mm in the second. The insttument ig shown.
diagrammatically in Figure 3.10. A fixed slit system was
used on the gfating spectrograph which incorporated-ﬁhe 
followir'x_gvcomponents° |

(a) The fixed slit assembly provided thfee fixed
slit widths of 10, 32 and 60 um which could be inserted as
required. - ,

‘(b) A Hartmann slide included a diagonal slit and
sliding‘scale with a fish taii notch, which controlied the
height of the spectrum recorded on the film.‘ The diagonal
slit was 1.5 mm wide and could be moved across the input
aperture so that it was possible to arrange eleven épectra
1.5 mm high on the same film.

:‘The light entered theAspectfbgraph thfqugh the fixed
slit éﬁd traﬁellad through the stigmatiiing lens to be
diffracted by the grating. (635.3 lines per mm). The
light was then reflected on to the film which was held in
a specially curved 10 inch long cassette. The dispersion
remalned linear along the length of the film. |

' Two different 35 mm £ilms were used to record the

. spectra. The colour sensitivity was evenly balance&'

throughout the spectrum, Kodak "Tri X" pan high speed film

was used in the range 0.45 to 0.65 um while Kedak 2431 high

speed infra~red film was used in the range-0.45 to 0.7 um.
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The spectral regponses of both films are shown in
FigurgsA3}ll(a and b}, .It was necessary to make trial
exposures (from 5 - 45 min) to determine ihe best exposure
time for a given emission intensity. Both films were

processed in Kodak D~76 developer.

3.8 ‘Microdensitometer

A Hilger and Watts microdensitometer was'used to
measure.the spectral lines on the reco;ded film to determine
the 0p£ical densitye'zThé instrument is shown diagramatically
in Figure 3.12. 1In addition to providing a spectrographic
feferencé mark, a sodium dischargé tube provided calibra-
tion lines, and allowed the dispersion to be detérmined.

The light was transmitted through the film by a
microscope objective afrangement and was detected by a
cadmium sulphide photocell via an adjustable slit system.
The output from the cell was displayed on a Honeywell
ﬁlectronic 194 pen recorder. The slit width was adjuéted
to be as narrow as possible while providing a measur&ble
signal ievel. Best results were obtained with a width of
6.2 mm. A synchronous-electric motor was used to drive the
glass table on which the film was sandwiched between thick

and thin glass plates.
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CHAPTER 4

EDGE EMISSION OF UNDORED ZINC SELENIDE

4.1 . Introduction

The edge emisgion of undoped crystals of zinc
selenide excited by continuous ultra—violet radiation has
been studied at liquid nitrogen and helium temperatures.
The crystals were grown in the ways desgscribed in chapfer
three. With most samples a relatively broad band with
longitudinal optical phonon replicas was Qbserved at 87 XK.
As the temperature was reduced to pumped liquid nitrogen
temperature at 65 K the intensity of the emiésion usually
increased and in general a high energy series (free to
bound recombinatfon) became dominant. At liquid helium
temperatures bound exciton lines and pair bhandg could be
detected in the majority of crystals.

. Thfee types of undoped crystals were examined over

a range of temperatures from 10 to 87 K. These were flow
crystals, andEboﬁle type crystals grown in a slight excess
of selenium o& zinc. It was found that the relative inten-
sities'of the major components of the u.v. excited emission
at 10 K could be cor?elated with the conditions under which
the cryétals were grown, provided that the starting charge
was of a coﬁsistent, good quality. The Optica spectro-
photometer was used to determine the basic trends, while
the Bausch and Lomb:grating spectrograph was used tp make‘a
more detailed study of the components of interésting spectra.

| In this chapter, the first section is concerned with
a brief description of the edge emiss;on at liquid nitrogen

temperature of the three different types of undoped crystal.



- 80 =~

This is followed by a description of the emission spectra

of the same crystals at liquid helium temperaturés; With
some samples the recombination kinetics of the edge emission
was studied by varying the excitation infensity and the
temperature. The origin of the edge emigsion is discussed
and the conclusions compared with those of other workers.
Unless otherwise stated, the measurements referred to were
recorded using the Ogtica, and are uncorrected for photo-
multipliér response. When two different recordings have
been supérimposed on‘the same figure, the emission intensities
are not directly comparable when the term "emigsion intensity
(arbitrary units)" is used. "Relative intensity" means

that the curves may be compared directly.

4.2 Edge emission characteristics at liguid nitrogen

. kemperatures

At liquid nitrogen temperatures edge emission is
due to the recombination of a free electron with a hole bound

at an acceptor, the energy of the emitted photon is given by,

Ep = EBg - (EA-EK) . : (1)

EG is the bapd gap eﬁexgy, EA ié the acéeptor binding energy
and Ej, the kinetic energy of thé free electron. The
acceptor binding energy E, can be determined £rom this
equation by usiﬁg the observed peak energy of the emission
band and known éalué$ of EK = kT. The edge emission spectra
at liquid nitrogen temperatures of the various undoped

crystals can be summarized as follows:

4.2:1 Flow run crystals

Only a few zinc selenide cxrystals grown from the



vapouruphase in a continuous flow of argon were luminescent
under U.V. excitation at liquid nitrogenltemperatﬁres, A
typicalféﬁission spectrum of a luminescent crystal consists
of a ée;ies of equally spaced bands deCréasing in intensity
at ldnger wavelengths. The emission spectrum of such a
crystal, (for example No.87) exhibits five peaks with maxima
at 4610, 4662, 4715, 4773 and 48308 at 87 K. At 65 K this
sarieé shifts by about 28 to shorter wavéléthhs whlle a small
shoulder'appears at 45608. At this température the five
major bands were located at 4608; 4660, 4714, 4770 and 4828%.
The maxima:of these bands have an equal-energy separatioh of
approximately 0.0308 + 0.0006 eV. The band at the shortest
waveleﬁgth with a maximum at 46088 is the zero order phoﬁon
componéﬁt, while with the remainder, recbmbinaticn 6ccura
with £he co-operation of one,; two, three and fpur iongitudinal
optical (LO) phonons. The energy separation‘of adjacent
bands is in good agreement with the LO phonon eneigy of
0.0314 eV for cubic ZnSe determined by Halsted et al (1).
- The origin of the shoulder aﬁ 45608 has not hiﬁherto
been Wel; understood. Results to be désbribed laterOShow
that iﬁ is almost certainly a Qifferent no-phonon band
with replicas too weak to be detectable and obscured by the
maﬁor series. This kand was also ohserved by Reynolds et al
(2) at 4.2 K, They offered no explanation as to its origin.
No spectral cﬁange,ih any of the émission was observed at
65 K when the excitation intensity was varied. This suggests
that the free to bound assignment of the 46088 series is
correqts In addition to this blue edge emission, a broad

green band with a half-width of about 1808 was located at
about 53608, |
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Figure 4.1 Comparison of the emission spectra of aystals grown with

different reservoir temperatures.
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4,2.2 ‘Crystals grown in selenium vapour

These were crystals grown in the sealed tube
system with selenium added to the reservoir. The crystals
were groﬁn from charges at temperatures of 1115%%. The
Poin dondition was obtainéd when the sglenium in the
reserﬁoir was held at 360°C. Crystals were grown with a
varietyiof selenium reservolr temparaturés ranging from 335
to.385°¢.< Figure 4.1 shows the edge emission spectra of
three crystals grown with different selenium reservolr
temperatures.

" Examination of the emission épéctrum of a crystal
(No°17l) grown under a selenium pressure less than that at
Pmin bonditions (i.e. with a reservolr ﬁemperature at about
335001; shows a zero—phonon'band at 46058 at 87 K and three
LO phonon replicas at about 4668, 4712 and 47662{ At 65 X
this series shifted by about 58 to higher energies andithe
bands increased in intensity. The bands had a half-width
of about 468 and were equally spaced in energy of 4600, 4653,
4708, 4764 and 48228. The energy separation of adjaceht"
membefg'was 0.031 + 0.0004 eV. 1In addition to this seriesg
a higher .energy band wiﬁh a half-width of about 252‘appeéred
near 45552. This is close to the shoulder observed in the
emission bf flow run crystals. |

Emission spectra were recorded with various inten-

sities of the exciting light at 65 K and are shown in

Figuré 4.2. No shifts in the positions of the maxima of the

Lo phondn‘assisted emission were observed. The band at 45558

however disappeared when the excitation intensity was reduced.

In addition to thé edge emission a broad band with a half-

width of 4308 wag also observed at longer wavelengths. This
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had at its maximum about 55602 in the‘gieen. This broad
band had a small shoulder at about 53508,

| The second crystal (No.172) was grown under exact
Pmin conditions with a reservolr temperature of 360°C.
This sample shbwed edge emiséion similar to that of crystal
No.l7i'ét 88 and 65 K. However the intengity of the emission
was higher and a fifth Lb phonon éeplica was easily-resolvad
at about 48808 at 65 K. The spectrum is shown in Figure 4.1b.
This éiystal was subsequently annealed at 850°C for five days
in moiten zinc, after which the intensity of the phonon
assisted series had increased by nearly four timés. The bhand
maxima . also shifted té shorter wavelengths by about 58
while the band at 45558 disappeared. |

' The third crystal examined was gtown with a selenium
reservoir temperature of 385°C, which means the selenium

pressure exceeded that_obtained under Pmi conditions. No

n
edge emission peaks were observed at 87 K. A weak brbad

band ‘was detected at about 57508 with a half-width of
approximately 600%. At 65 K (Figure 4.lc) this broad band
had decreased in intensity and small peaks appeared at
4553; 4584, 4605, 4630, 4658, 4685, 4712 and 47668. The
peaks at 4605, 4658, 4712 and 47668 are attributed to the
dominant high energy series. It is probable that the bands
at 4553 and 45843 constitute the zero order components of
asso¢iated high and low energy series, while the emission
bands at 4630 and 46858 are probably the zero and first

order components of the LES assoclated with the dominant

HES (see later).
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This crystal was also annealed in molten zinc for
10 dayé'at 850°C after which a drastic change was revealed
in the-edge emission spectrum. For example the short wave-
length lines at 4553 and 4584R had disappeared but. the
intensity of the zexro order line at 46058 and its series had
increased nearly fifteen fold. | - |

For crystal No.l72, an acceptor binding energy of
0.122 eV>Was calculated.from eguation (1) using the observed
photon energy of the zero phonon line, 46008 at 65 K. The
magnitude of the band gap was taken to be 2.812 eV as
estimated from the observed value of 2.813 eV at 60 K (3).
The acceptor ionization energy of 0.122 eV is in good agree-
ment with that reported by Reynolds et al (2), namely 0.12 eV.
For crystal No.l173, ac¢eptor binding energles were‘found:to
be 0.095 and 0.125 eV from the observed photoh energies of
the two different zero phonon lines at 4553 and 46058

respectiVely.

4.2.3 Crystals grown ;h zinc vapour

Numerous crystals have been grown with an excess of
zinc in'tﬁe reservoir. With this arrangement a reservoir
tempexatuxe of 555°C was necessary to obtain the Pmin
condition., A large number of crystals have been examined
at liquid nitrogen temperature and their enission properties

are rather variable07 Figure 4.3 illustrates the emission

spectra of seven different crystals at 65 K. Some of them

show a single broad band emission (deep centre luminescence)

in the green and most of them exhibit two narrower bands,
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Figure 4.3 The emission spectra of various ZnSe crystals at 65 K.
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- with assoclated phonon structure at shorter wavelengths.

In general the emission spectra of crystals grown with

zinc xesérvoirs are rather broad at liquid'nitrogen |
temperatures with poorly resolved structure, and precise
measuiéments of the maxima become difficult. As a result
no attempt has been hade to fit any mathemétical distribu“
tion £6 the more intense of the-phohon components. >However,
for completeness the details of the dbServed emiggion are
summarized below.

For example one crystal (No.ll4) grown with a zinc
reservoir at 600°C had a single Gausslan shaped band at"
about 52308 with a half-width of approximately 3808. Two
cﬁystéla grown under Pmin conditions exhibited different
émissiqn bands, one of ﬁhemn(No.lOS) had,é single broad
band at 52208 with a half-width of approximately 5208, while
the other (No.125) had two broad bands at about 4860 and
51508 with half widths of about 250 and 4508 respectively.
These_lattér two bands were a common feature of most of the
crystals grown with ziné reservoirs (for examplé crystals
No.120, 121, 124 and 129), which are shown in Figure 4.3.
Less intenée phonon assisted emission hands were also
cbgerved in these crystals on the high energy side of the
48608 band. At 88 K three components of an LO phonon |
assisted series were resolved at about 4600, 4654, and
47;02 in some samplés, When the-crystals‘were cooled to
65 K thé intensity of thle series increased, and the emission'
bands shifted by about lsﬁ.towards shorter wavelengths. At
thig temperature four phonon components of the emission

could be resolved at about 4585, 4645, 4700 and 47573.
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The enexrgy separation of the components'of this geries isg
0.0313.&'0.0003 eV. When comparing all the crystals examined
at 65 K the positions of the peaks of the components of this
serieg vary by up to 52,'which might be due to the broad
nature of the emission, or to errors in the wavelength
marker. The intensity of the 51508 emission was n6t .
appreciably dependent on the temperature; but the intensity
of the 48602 band increased and became a dominant feature
tdgether with the phonon assgisteéd seriés at 65 K. No
wavelength shifts were observed when the excitation intensity
was decreased by two oxders of magnitude. However, at low
excitaﬁion ihtensities thé phonon’replicas disappeared and
the tail of the 48602 band and the zero order band of the
phonon'assisted series merged into two broad bands.

The acceptor binding energy calculated from equation
(1) using the bbservéd‘wévélength value of 45858 for the
first 26:0 phonon line is 0.112 # 0.002 ev. This'is'in close
agreement with the value reported by Iida (45, for zinc

énnealed ZnsSe crystals.

4.3 -~ Edge Emission Characteristics at Liquid Helium

Temperatures

_The edge emission of zinc selénide excilted by
3650& rédiation at ligquid helium temperature consists of
several series of sharp lines and broad bands. Such emission’
spectra, which exhibit well developed structure and systems
of lines or bands with regularly spaced ehergies, have heen
identified by various workers (2, 4, 5, 6) see Chapter 2,
The sharp lines, which are mostly at the high energy limit,
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TABLE 4.1

Position of bound excitons and phonon assisted
emission maxima of flow run crystals (No.87) at 10 and 65 K

Obgexrved Spectrum at 10 K

Observed Spectrum at 65 K

Wave- Possdible . Wave- Posgible
.ines Lenqtr Energyl Strength Assignment ines Length Energy Besignment
& 1 (ew @ | (e
Ix 4438 12.79385] Shoulder () 4560 12,.71210 | Zero~-phonon
{weak)
I, | 4447 [2.78819 Medium (Exciton 4608 12.69078 | Zero~phonon
‘ bound to
neutral donox
Il 4468-12,.77509| Medium |Exciton bound 4660 §2,.66018 | One~-phonon
o to neutral
acceptor
1 Il 4490 |2.76113{ Weak I.-BAcoustic 4714 °12.63027 | Two~phonen
¢ ' phonon
LIS 4518 12.74438({ Medium I,-Lo 4770 12.59939 | Three~phonon
; Iic 4538{2,7321é'Shou1der Il-L0~ 4828 2.56816 " FourmphononA
(weak) - .
Acoustic
‘ phonon
| Sé 4582 }2.70604| Strong |Zero-phonon
S0 - 463012.67790 Str¢ng Zero~phonon
Sl 4684 |12.64712!Strong  |One~phonon
52 4739 |12.61632¢Strong  |Two-phonon
sy | 4796 2.58530|Medium |Three-phonon
J .
S4 4854 |2.55441 |Medium |Four-phonon
S5 4913 |12.52373 |Weak Five-phonon
S5 4974 12.49278 {Weak Six-phonon
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are attributed to the annihilation of the free and bound

excitons, and thelr phonon replicas. Under argon ion laser

excitation sharp lines bave been identified as il (at about

44568) and I, (at about 4432 and 44358) which are associated

with the annihilation of excitons bound to neutral acceptors

and donbrs, reépectiVely (7). The bandsAté slightly longer

wavelengths with uniforhly spaced‘repiib&é are attributed

to the LO phonon assisted_high energy series (HES) which

results from the recombination betweenAfree eléctrons and

holes bound to acceptor levels some 0.12 and 0.10 eV above

the valence band (2, 4). The low enexgy series (LES) is

due to the distant pair recombination of electrons bound

to shallow donors and holes bound to the same acceptors (6,7).
The edge emission components havé been identified

by compating their wavelengths with the reported values.

The behéviour of fhese'éomponents under various excitation

conditiéns and the variations of the spectra from crystal

to crystal suggest that these assignments are correct.

4.3.1 Flow run crystals
| The edge emission of a cubic, flow run crystal (No.87)

of ZnSe excited by U.V. radlation was studied at 10 K. The
observed emission spectrum consisted.Of a number of sharp
lines with a half-height width of about 108, followed by an
L0 phqnon assisted series of bands with widths of 258. The
emission spectrum is shown in Figure 4.4. The positions of
the emission peaks are summarized in Téble 4.1. With this

crystal .the maxima of the sharp lines which lay within the
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range 44383-t0 45302 were assigned tovéxciton fecombination,
while~thé.broader bands within the range>of 4582 to 49748
were assigned to LES recombination processes.. In Figure 4.4
the intehsity of the LES was nearly 10 times greater than
that of the exciton 1ines,A The zero phonon)cbmpohent
(labelled'so) at about 46308, was repliéated at lower energles
with a spacing of 30.88 * 0.3 m&V. This repeﬁition is
associated with the simultaneous -emission of longitudinal
optical phonons, 'A’ zero phonon component of what'is
presuﬁaﬁly a second series (labelled Sé)lhas been observed
on the high energy slde of the zero order LES band; at about
45828 with a half-width of approximately ZOR,‘which suggests
that it 1s not an exciton. This bhand haé a 28-mev enerqgy
separation from the zero_order.LES band (SO) and its replicas
are presumably too weak to be detectable'being mixed in the
So’ Sl} Sé cvasa S6 bands. OQur results éré very similar to
those of Dean and Merz (7), who found two comparable series
which they labelled Q and R. The wavelengths of the Q_ and
Ro compogents-were 4610 and 45758 which are close at least

to those called S_ and Sg here. It seems reasonable to
aééume that the lines labelled Séaﬁnd Né (Table 4.1) are
assoclated with the same' donors ' as are those labelled

S° and NQ,

The strongeét line in the exciton region is the Iz

line at 4447R, resulting from the recombination of an

exciton bound to a neutral donor. On the short wavelength
slde o£ the 12 line a small shoulder appeared at 44378 and
has beén labelled I.- This shoulder is close to a sinmilar
unidentified line observed by Dean and Merz (7), whibh they

reported to. increase with increasing zinc concentration,
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under whidh conditions they observed the discrete pair
spectré; A secund strong emission liné at 4468R hés been
labelled I,, and is belleved to resulttfroﬁithe recombination
of an exciton bound to a neutral acceptor. The two weak
shoulders Ilc and Iic at about 4490 and 45382, may be due
to the emission of the acoustic phonons associated with Il'
This gives an acoustic phonon energy of‘13.2 + 0.6 meV which
is similar to the value of 13.0 % 0.3 meV observed by Dean
and Merz (7). The mediﬁm intensity Ila line at ahout |

31.6 @év'energy separation from the Il line, is attributed

to I, recombination with the emission of one LO phonon.

This supports the suggestion that Il excitong couple much

-more strongly with both the optical and acoustical phonons

than excitons bound at neutral donors (which leads to‘the
I2 line). This means that excitong areiﬁére tightly bound
to the acceptor centres than the donor centres in ZnSg; In
fact the intensity of the I, line was three times higher
than ﬁhét of the Il line. Unfortunately it was not peossible
to make Zeeman measurements to confirm the identity of the
Il and'Izllinessa

When the excitation intensity was varied over three
ordersof magnitude using neutral dénsity'filters a shift of
about lzﬁjwas observed in the position of the LES emission.

With decreasing excitation, the spectral peék shifted to

" longer wavelengths as is to be expected with a bound to

bound recombination mechanism. The shift AE in the position
of the maximum of the zero order component of the LES
between qu excitation intensities (I' and I") was found

to be AE.s 1.73 In(I'/I") meV, at 1O K.
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. PFigure 4.4 shows that the observed phonon assisted
S emiééion series at 10 X was at lower energies than the
corresponding N series observed at 65 K, An experiment was

carried out to investigate whether or not these two series

were of the same origin. Following the studies at liquid helium

tempefatuﬁe, the spectral distribution of the emisgion near
the zero phonon line was scanned over a range of wavelengths
at sho;t time intervals as the temperature rose slowly to
78 K. The temperature was sufficiently constant over one
scan pefiod for satisfactory spedtra to he obtained. The
spectra observed are shown in Figure 4.5. It 1s clear from
the figuie that as the temperature increased new emigsion
lineé:agpeared and at'32_K both the HES and LES emission

are apparent in the same spectra. Evehtually the HES
dominated the spectrum at 78 X, while the emission‘band at
10 K gradually decreased in intensity and disappeared asg the
temperature was increased. This will be discussed further
in Section 4.4. The difference. in eneréy between the So
and N gnd 8, and N; band was found to be 0.013 eV in

both cases. This behaviour is consiétent with the mechaniem
sﬁggegted.by Pedrotti and Reynolds*(8), At 4 K there are
two series both due to donor acceptor recombination. At‘
higher temperatures, the donors are ionized and two HES
regsult., In this sample there is one active donor and two

active acceptors.

4,3.2 Crystals grown in Selenium Vapour

The edge emission spectra of undoped crystals
grown with selenium reservoirs at a variety of different

temperatures show the LES and HES bands only. Even at the

/
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lowestvtemperature, 4 X, and with the h;ghest excitation
intensity avallable, no bound exciton 6r‘discrete pair lines
were Qbsérved. The existénce of strong LO phonoh repiicas
of the edge emission provides adequate evidence of'avhiéh
acceptor concentration.

The emission spectrum of crystal (No.171) grown
under a selenium pressure less than thét at Pmin gshows two
different zero phonon bands at 4579 and 4628x'with'halfn
height widths of about 24 and 358 respectively. Although
the relétive intensities of these two bands might suggest
they are members of the same'series they are hot; ag their
va;iaﬁions with excitation intensity aﬁd.temperature clearly
indicate; The wavelengths and energieé.of these bands,
thelr O phonon replicas and assignments are displayed in
Table 4.2a. The bands observed are very similar-to.those
found in the flow run crystals. In addition to these series
a high'energy band with a half-height width of about 198
appeared at 45258, The origin of the band at 45258 is not
well underétood. It could be that this peak corresponds to
the Il;LO bound exciton line bhut this.is unlikely since the
Il line was not detectable. It might also correspond-to the
Zero 6rder bénd reported by Liang and Yoffe (5) in hgxagonal
ZnSe at 45278, However, they reported the HES of hexagonal
ZnSe at about 45158 at 77 X whereas we never observed such
a series in any undoped sample at 77 K.

The maximum oé the zero phonon component of the LES
shown in Figure 4.6 shifted by about 6.2 meV per order of
magnitude decrease in excitation intensity towards longer
waveiengthsn The shift is more apparent in the diagram
for the-phonon replicas. Since there was no shift in the

positions of the emission maxima with excitation intensity



Crystal (No.171) was grown under less Pmi

TABLE 4.2&..

Pogsition of phonon assisted emission bands

of crystals grown with a variety of selenium

reservoir temperatures

n condition

Observed Spectrum at 10 K

Observed Spectrum at 65 X

Lines lzg;z; Enerqgy |Strength Az:zzizist Lines 122;i; Energy Azzigigiit
& | (ew) & | (e

Ila 4525 2.74013 |Medium - Il—LO(?) 4555 [2.72208 | Zero-~phonon
Sé | 4579 }2.70782|Strong Zero~ph§non 4600 12.69546 | Zero~phonon
So 4628 {2.6791l5Strong |Zero=-phonon 4653 2.66475 10ne-phanon
Sl 4683 12.64768|Strong |One-phonon 4708 12.63362 |Two~phonon
S, | 4735 {2.61861 Medium iwonphonon 4764 |2.60266 |Three-phonon
53 4790 {2.58854 Weak Three~phonon 4822 12.57136 |Four-phonon
S, | 4848 |2.55757 [Weak Four»phon'on',
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at 65 X, the phenomena can again be interpreted in terms

of the Pedrotti and Reynoids (8) model. The LES is dominant
at 4 K and the HES at 77:K. In this respect the behaviour
is identical with that of the flow run érysta;s, and once
again one donor and two acceptors are involved.

The second (No.172) and third (No.l73) crystals
grown under higher partial pressures of selenium ghow |
essentiaily the same phonon assisted series as crystal No.1l71l.
However, the emission of.sample 172 grown undér Pmi‘ con~
ditioné was more lntense than that of the sampie 173 grown
with an even higher selenium pressure and five>longitudinal

phonon replicas were easily resolved. The wavelengths and

ene;gies‘of the components of the edge emission series are

recorded in Tables 4;2b and 4.2c. The Sé zero phonon band
was sépaiated by 28.8 meV from the corfééponding 8, band and
was often much more intense (for examplé in crystals 171 and
175). 'ihé phonon replicas of the Sg séries were mixed in
with and dverlapped the sé series. The.two zero phonon
bands also had different half widths, i.e. 14.6'(Sé)zénd
22.1 mev (So), as did their high energy partners at 65 K,
i.e. 14.8 (NP) and 32 meV (N_). These differences, and the
fact‘that the ratios of the intensities of the Sé and SQ
bands changed with variations in the intensity of excitation
show that the proposed assignment is correct.

| The emission spectra of these two crystals were
examined under different intensities of excitation and both
showed a éhift of the so and Sé series by about 128 to
longer wavelengths as the exciltation intensity decreased
by an order of magnitude. The shift ig illustrated more

clearly in Figure 4.7 which shows the emission spectra of
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Figure 4.7 Edge emission spectra of the ZnSe crystd No.173 recorded

at 10°K for various levels of UV excitation.
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Crystal (No.1l72) was grown under exact Pm

TABLE 4.2b

Position of phonon assisted emission bands

of crystals grown with a variety of selenium

reservoir temperatures

in condition

Observed Spectrum at 10 K

Observed Spectrum at 65 X

. Wave- Pogsible . 1 Wave~ Posgible
Lines length Energy |Strength Assigmment Lines length Enexgy Aggignment
&) (eV) &) (eV)
1, 4526 |2.73953 [Medium |’ I,-L0(?) | N! | 4555 |2.72208 |zero~phonon
Sé 4580 12.70723 {Strong |Zero~phonon No 4600 12.69546 |Zexo~phonon|
S° 4630 }2.67790|Strony | Zero-phonon Nl 4653 12.,66475 0ne~phonon
8, 4684 .12.64712strong |One-phonon |l N, | 4708 |2.63362 Two-phonon
_S2 4739 |2.61639 [Medium | Two-phonon N3 4764 }2.60266 {Three-
phonon
‘83 4796 12.58530 |Medium |Three- N4 4822 |2.54080 |Foux~phonan|
phenon
S4 4854 12.55441 [Weak Foux-phonon NS 4880 12.54080 Five-pﬁonon
Ss 4915 12.52322 |Wwak Five~phonon




o crystal'ﬁo.173 for various excitation intensities.

" where n is the number of phonons, I
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Once
again such ‘a shift indicates a pailr band mechanism in the

recombination.

" The heights of the maxima of the phonon components
-of the spectra obtalned from the Optlca with different

~intensities of excitation were corrected for photomultiplier

~response and then comparéda 'The ratios of the heights for

the emisgion.of'zero, one, two, three, four and five phonons

were found for crystal No.l172 to be

So=l°00 : Sl=0.7l H SZ=O°26 s SB=O.06 : S4 = 0,018 : 5

The large number of replicas emitted suggests that

there is strong coupling between the carrier and the lattice.

,Hopfield (9) showed that the intensity of the (n+l) th band

1(n) is given by,

%

I(n) =

o

r I o | (2)

o is the intensity of the
zero phonon band and N is the parameter measuring the average

nuwber of phonons. This relation shows that the value of N

is~simply Il./I_o which for this crystal was 0.71. Using this

* value of N, equation (2) yields the following ratios

1,00 s 0.71 : 0.252 : 0.058 : 0.0106 : 0.0015

The agreement between measured and theoretically

caloulated»intensities 1ls excellent and indicates that the

probability of a multiphonon emission process is well

described by equation (2).

Tables4 2 shows that the two sets of luminescence

.peaks observed at 10 K were to the lower energy side of the

: S5.=0.010



TABLE 4.2c

Position of phonon assisted emissicn bands
of crystals grown with a variety of selenium

reservoir temperatures

Crystal (No.l73) was grown under high Pmin condition

Obgerved spectrum at 10 K Observed spectyum at 65 K
X Wave~ : Possible ; Wave— | { Possible
Lines length Energy|Strength Assignment Lines length Energy Asgsignment
& | e | HEES (e¥)
| 3, | 4525 ]2.74013|Medium |1,-10(?) N! | 4553 |2.72328 |Zero-phonon

S! | 4578 |2.70841|Strong |Zero-phonon| S! | 4584 |2.70486 {188 of

zero-phonon
So 4630:'2.67790 Strong Zero-phonon' No 4605 |2.69253 Zero~phonon
Sl 4685 (2.64655|Medium |One~-phonon
S, | 4736 |2.61805|Weak  |Two-phonon || S | 4630 |2.67790LES of
' . ' one~phonon
Sy | 4792 |2.58746 Weak  |Three- N, | 4658 |2.66189 jone~phonon

rhonon

S 4685 [2.64655 |LES of
1
two~phonon

Nz 4712 12.63139 {Two~phonon

N 47656 }2.60157 IThree~
3 . .
Phonon
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sets at 65 K. The sets of luminescence peaks were studied
as the‘temperature was increased slowiy from 10 K. The
resultant:spectra are shown in Figure 4.8 for crystal 172
(similéf:spectra were also observed from the crystal Nos.l71
and 1735; It is clear fiom the figure that the intensity of
the Ila line (at 45253) aecreased‘with inéreasing temperature
and at about 38 K this line disappeared completely. No
shift in the spectral location of the line was observed
with déc;easing intensity. At 30 K the HES band Né (45528)
appeared as a shouider on the high energy side of'Sé (aﬁ
45802).° This shoulder became an intense emisgion at 65 K,
when it'had shifted slightly to longer wavelengths. There-
after thevintensity decréésed with further increase in
temperature. In the meantime the Sé zZero phonon line
decreased in intensity with increasing temperature and
disappeared at about 55 K. The S, zero phonon line also
disappeared at 55 K. At about 30 X the HES band No
(46003) began to appear as a shoulder on the high energy
side of the So (46302) band. This shoulder becaﬁe a strong
peak with'increasinq temperature. 'The same behavibur'was
observed for the §;, S,, S, S, and S, and the Nll,, Nyo Ny
and N4 phonon replicas. This can be seen from FPigure 4.8.
In this aiagram both the LES and HES.emiésions can be
observed most readily in the 50 X curvé. The temperature
dependences of the 8, and NO emisgiong will be discussed
in Seétion 4.4. The observation of the NQ and Né lines
at liguid nitrogen temperature suggests that at 77 K the
Schdnuxiasens (10,11) model is valid, i.e. the emissions

are associated with transitions between electrons in the

conduction band and trapped holes, while at 10 K the
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Figure 4.8 Zero phonon component of the ZnSe crystal
No,172 recorded with increasing temperature
from 10 K to 87K,
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Prener-ﬁilliams model (12) is more apprbpriate £o explain
the So'and Sé lines. The energy differences between the
Né and Sé; and NO and SO:Zero phononéomponents were found
'to be 14;5 * 0.3 meV and 17.5 * 0.5 meV réspectively,‘which
may be attributed to the'binding energy of the dbﬁbr or
donors involved. |

| After annealing crystal No.172 in molten zinc for
four days of 850°¢C only one main zerxo phonon band at 46153
and four LO phonon replicas at 4674, 4730, 4789 and 48748
were observed. No dlscrete palr lines 6r second geries of
LO phonon components were detected. This:46153 serles is
very similar to the low energy series of crystals grown in
zinc vapour pressure (see Sg in Tébles 4.3 and 4.4 and
discussed in the following section). Further annealing of
crystal No.173 in molten zinc (for 15 days atVBSOOC) led
to a further shift of the zero phonon band to shorter wave-
lengths so that it now oécurred at 46058. The iﬁﬁensity
ratio of the zero order line of the phonon assisted series |
to that of the first replica increased by a factor of five

which'suggests that an entirely new emission prccesé is

involvéd,A

4.3.3 Crystals grown in zinc vapour .

The luminescence of crystals grown with excess zinc
in the reservoir was dominated by a series of sharp lines
as shown in Figure 4.9, 4,10 and 4.11. The wavelengths and
energies 6f-the features of the three spectra and their
suggestéd assignments are given in Tables 4.3 and 4.4. In
the bound exciton region fhree sharp lines each with a

shoulder were observed between 2.%¥91 and 2.690 eV, which



TABLE 4.3

- The details of observed emigsion characteristics

illustrated in the figures 4.9 and 4.10 at 10 K.
Crystal No.ll4 Crystal No.lO5
: Pogsible ' ' | Possible
Lines (R) Energy| Strength Assignméntifines (R) Engrgy Strength Assignment
Il " 14464 12,77758| Strong Exciton 12 4442 2.79133|Strong [Exciton
. ound to . hound to
. . neutral meutral
Il 4474 12.77137{Weak acceptor donor
I,. [4515|2.74620| Strong |I,~LO I, |4466 2,77633|Strong [Exciton
la 1 1 S )
E bound to
Iia 4525 12,74013| Weak 1,710 ineutral
‘ . ‘ acceptor
Ilb 4568 2f71438 Medium Il—ZLO | ,Ila 4517 [2.74498|Strong IleO
v ' - ' _ . -
Ilb 4576 12.,70959| Weak Il 2L0 Ilb 4570 {2.71315 jMedium Il 2L0
Sg 4618 2.68495| strong |zZero-phonon S; 4620 j2.68379iStrong Zero~phonon
s, |4632(2.67683|weak  |zero-phonon s, 4640 2.67722|shoulderizero-phonon
: : _ Weak '
" - p il
sl 4674 |2,65278] Strong [One=~phonon 5551 14675 [2.65212 |strong |one-phonon
S, 4687 12.64542|Weak  One-phonon ;Sl 4695 |2.64091 |Shoulder|One~-phonon
Sg 4730 [2.62137| Strong Two=phonon - Weak
. { S; 4732 12.62027 |Strong [Two-phonon
S, |4743 [2.61419]Weak ' |Two=phonon ,
- ' ' S, 14752 [2.60924 |Shoulder|Two-phonon
Sg 4789 12.58908|Strong |Three-phono Weak
. # an
s, 4800 |2.58315|weak Three~phonor] S3 4790 |2,58854 [Medium (Three~-phonon
SZ 4847 12,55812|Strong Four-phonong 4820 ?'57243 Weak (?)
s, |4860 [2.55125 |Weak * |Four-phonon ] 54 |48°0 |2-35631 |Weak  jFoux-phonon
Sg 4906 {2,.52733 |Strong |Five~phonon 4870 12. 54602 |Weak (%)
’ n .
S5 4918 |2.52117 {Weak Five=phonon SS 4910 2’5?527 Weak Five-phonon
4942 |2,50892 |Weak. (®)
Sg 4972 12.49378 |Weak gix-phonon
5050 12.45527 |Medium (?)
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are labelled Il' Ila’ Ilb‘ With the exception of crystal
105; the il lines can be éeen to be doublets with splittings
of apéiéximately 6 meV. The two components appear at 4464“
and 44748 with a half-height width of a5qut 108. The I;
lines are attributed to the recombination of excitons.
bound to neutral acceptors. The I, and I,p lines are due
to the (I,~L0 and I,-2LO) LO phonon—assisied recombination
of the bQund excitons. This gives the LO phonon energy

at about 31.46 * 0.08 eV, which is similar to the reported

‘value of 31.4 meV (1).

In addition to the above lines the crygtals No.l20
and 121 show small peaks with maxima at about 4585 and 4531%,
which are shown in Figure 4.11 and Table 4.4, These are
¥
lc and Ilc A
acoustic phonons assoclated with I

labelled I and attributed to the emigsion of

,"LO-TA, I,-2LO-TA
replicés, respectively. This gives the acoustlic phonoh
energy as 13 mev, which i1s very similaf to the reported
value (7fa . '

The spectrum of the crystal 105 was dominated by
the I, ekciton emission with its maximum at abou£ 44668, |
The firsﬁ and second LO phonon replicas lay at about 4517
and 45703 respectively. With this samplé some of these-
lines were split and also exhibited another sharp line at
the shorter wavélength of 44428, as shown in Figure 4.10.
This line is labelled I, and is attributed to the recom-
bination of excitons bound to neutral donors. The I

1

exciton coupled much more strongly to 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
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TABLE 4.4

The position of the emission maxima of crystal No.120 and 121.

Line Wavelength Energy Streagth Possible Assignment
@) (ev)
I, 4460 2.78007 Strong Exciton bound to neutrall
Ii 4468 2.77509 Shoulder | Acceptor
(Weak)
Ila - 4511 2.74864 Strong
Il - LO

Ii 4521 2.74256 Soulder

a . (Weak)
Iic 4531 2.73650 Weak Il - LO - TA
Ilb 4563 2.71731 Strong

‘ , Il - 2L0
L. 4572 2.71196 | Weak
I 4585 2.70427 | Weak I, - 20 - Ta
Sg 4615 2.68669 Strong Zero-phonon
Sd 4630 2.67799 Weak Zero=-phonon
S{ 4670 2.65505 | Strong One~-phonon
Si 4686 2.64599 Weak 'One~phonon
S5 4726 2.62359 Strong Two-phonon
52 4743 2.61419 Weak Two~phonon
sg 4784 2.59178 Strong 1 Three~phonon
83 4800 2.58315 Weak Three~phonon
SZ 4844 2.55968 Medium Four~phonon
8, 4860 2.55125 | Weak Four-phonon
Sg 4205 2.52785 Medium Five~phonon
S5 4922 2.51912 Weak Five-phonon
s . 4968 2.49579 | Weak Six-phonon
s 4985 2.49728 Weak Six-phonon
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donox cénéresa The Bausch and Lomb spectrograph was used
to confirm that the wavelengths of the.I2 and Il lines were
4442 and 44662. No facilities for the measurements of the
Zgeman splitting of these lines were available to confirm

the assignments. The wavelengths of the Il andI2 lines

reported here are approximately 108 (SwmeV) larger thaﬁ

those previously reported (7,13,14,15); It is unlikély

that thesé differences are due to the different intensities

of excitation, but some digplacement will be associatéd

with the different temperétures émployed (10 X as against

4.2 K). The band gap ihqreases with decreasing temperature

by abdﬁ£'4.5 10”4 mev péroK so that at lO.K the band gap

is about 1.8 meV less than that at 4.2 K. It may be that

the Deaﬁ~and Merz crystals contained a trace of sulphur

which WQuld increase the band gap, which according to their

results éhey Wbuld appear to have taken to be 2.83 eV.

Elastiéféirain is another possible cause of the displacement,
| _ The crystals grown with excess zinc in the reservoir

a;so'emitted in two relatively broad bands at 10 K, which

were éenﬁﬁed at about 5200 and 4830 ®. The blue band at

48308 has not been reported previouslyo' In betwéen the

bound -exciton line and the band at 48308 there are at

leagt two phonon assisted series (éee Flgures 4.9, 4.10, 4.11).

The series with higher energy was quite prominent with the

zero phonon component, Sg located at about 46188 whereas the

lower emergy series S  was noticeably weaker. Its zero

order component So lay at 46323, i.e. in much the same

position as the serles observed in samples grown with selenium

reservoirg. The shapes of the spectral components suggest
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that both these serles are associated with donor-acceptor

distant pair recombination. |
Two Il lines were observed in théAemission spectra

of most of the crystals grown with zinc reServoirs, for
exampie in crystals Nos. 114, 120 and 1.2 1n The energy
differehce between the longegt and shortest wavelength Il
lines waé about 6 meV, which corresponds to a differencé of
acceptor depth of ~60 meV according to the Halsted and Aven
(16) reiation between the exciton dissoclation energy and
ionization energy of the.acceptor. This.will be discusséd
in Section 4.6. Crystals with two Il lines would be
expected to show two series of phononwasaisted edge emission
bands. 1In fact, all crystals grown with éinc reservolrs
had two such series with zero phonon components which are

labelled SO and Sg. This indicates the existence of two

acceptors with ionization energies of 0.122 and 0.112 eV.

These vélues have been calculated'from the measured positions
of N_(46008) and N (45858). |

" The emission spectra of sample 105 were measured
at different excitation intensities and the resultg are
shown in Figure 4.10. Generally both ﬁhe bound exciton and
the edge emission series shifted to higher energies with
increasing intensity of excitation. The shift was by about
3R per'prder of magnitude for the bound excitong, whereas
a much larger shift of about 108 was observed with the zero
order'components of both edge emigsion series. The shift
was-mbre apparent at the lowest excitation intensities and

the bands eventually overlapped, leaving a broad peak.
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Figure 4.10 The emission spectra of the ZnSe crystal No. 105 recorded

at 1 K for various levels of U.V. excitation.
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‘Consider the zero phonon component of a distant
pair series. The recombination then takes place at distant
pairs and the energy ES" of the zero phonon coméonent_of the
LES is given by,

Equ = Eg = (B, + E) + B, (4)
where Eg, EA and ED are the band gap, acceptox and donor

energies respectively. E_. is the Coulombic term appropriate

c
: - 2 '
to a donor acceptor separation r, so that EC = ?E' If the

dielectric constant is taken a& 8.66 (17), r = lnGS/EC,
where ¢ 15 in & ana Eo in eV. The problem is to determine
r. It was observed that the LES shifted by about 5.8 meV
to loWér energy per oxder of magnitude decreasa_in:the
excitation intensity. Any change in Egns dES", must bhe due
to a change dE, in E, because E,, E, and ED'remain constant
under different intensities of excitation. Thus
dBgu=dE,=1.65 dr/r’. Inserting the observed value of ABgy
we‘fiﬁd_dr=s;§ i2 lO-3 8, where dr represéﬁts the change-in
the meahAseparation of the donor acceptér pairs.through which
‘the recombination is proceeding, when the exciﬁétion intensity
is chénged by one order of magnitude. If r 208, dr ~ 1,38.
Such.a small change in . r ¢ould not encompass a sufficient

number of donor and acceptors to account for the shift in

-the emigsion band. If r n 10008, dr ~ 34063, whichlwould

imply that the luminescence intensity should saturate with
increasing excitation intensity. This is not ohsgerved. It
follows therefore that r will be of the order of 1158 when

ar ~ 548, an estimate which is in agreement with Iida's (4)
conclusion. With this value for r, a value of_Eé of 0.014 eV

was used in equation (4) as a correction for the Coulombic
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interaction. Combining the observations on four different
crystals grown with zinc reservoirs leads to a corrected

= 0.034 eV. This.

D
Similar calculations have been made on the second (So) Zero

value of the donor binding energy of En

is to be compared with Iida's value of E, = 0.026 eV.

phonoh domponent, which was observed as a small shoulder at
46023 at 54 K. If it i§ assumed that there is no spectral
shift and S  also occurs at 46028 at 77 K, then by ﬁaing'
the above Coulombic correction with an acceptor ionization
energy of 0.123 eV in equation (4), the donor binding,energy
is found to be 0.031 eV.

The conventional spectra obtained under continuous

excitation could all be analysed in a similar way to provide

a measuré of the binding energies of the donors and

, aéceptors involved in the LES. However, the uncertainty

in the magnitude of the Coulombic interaction term leads
to subsgtantial éxror in the donor ionization enérgies, Time
revo;ved spectroscopy is'undoubtedly the best method of
determining accurately ahy differénces in the donor level ox
levels responsible for the edge emission in ZnSe.

" Pinally the emission spectra of sample iZOIWQre
recorded'between 10 and 77 K, see Figure 4.11, ih an attampt
to investigate whether or not the Il' lla and xlb bound

exclton lines were of the same origin and also to produce

the free-to-bound HES bands which should result from the

LES bands on ilonising the donore. It is clear from the

figure that the bound exciton lines gradually decreaged in

intengity as the temperature was increased and above ~40 K

~all bound exciton lines had disappeared. The intensity of

the So serles falls exponentially with decreaging temperature
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which will be discussed in Section 4.4. Above about 50 K,

Sg and SO disappear, new emisslon bands appear at about

4585 and;46028, and with increasing temperature the Ng

zero phonon band (45858) and its three replicas (4645,4700 and
47573)'dqminate the gpectrum. The secondﬁseries disappears
into the broad band at 65 K. These new 1ines are the HES
corregéonding to free electron—bound hole recombinatioﬁ,

with acceptor levels at approximately 112 and 122 meV ahove

the valenqe band.

4.4 Variation with Temperature

4.4,1  Crystals grown with Se reservoirs

The variations of the HES and LES with temperature
as illustrated by the variations in the intensities of
thelir zerb phonoﬁ components No and Sokare shown in Flgure 4.12.
It can be seen that the intensity‘of'the zero phonon com-
éonent (So) of the LES emission decreésed slowly with-
.increésihq temperature until at about 45 K it began to
qﬁench iapidlyol This behaviour is taken to indicate that
the donors associated with the LES bound to bound recombina-
tion begin to be ionized at about 45 K, so that the LES
decreases while the HES increases as the temperature is
ralsed above 45 K. This 1s also implied by the results
shown in Figure 4.13 for crystals grown with zinc reservoirs,
With increasing temperature between 45 and 88 K the free to

bound recombination of the HES dominates. The intensity

"of HES reaches a maximuam at about 58 X, then decreases.

The temperature at which the emission begins to be quenched

RHANM UNTTs
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is approximately the same for all the,undoped crystals.

The process is presumably associated with the increasing
iohization of the acceptors. waeverq the LES emission
could still be observed at these temperatures which suggests
that the life time of the emission must be comparabié to
the-escape time of an electron in a donor level,

.;Similar quenching of the Né and Sé zefo phonon
ccmpohénts was also observed. However the quenching curves
for the Né zero phonon cémponents were siightly displaéed
to lower temperatures compared with NO énd yieldéd an
activation energy of n0.089 eV. The activation energqgy
for the'quenching of . the No band was ~0.106 eV,

The two
different activation energies for the quenching of the

Né and Eo zero phonon components agree réasonably with the
differen£ acceptor ionization enexgiles of 0.094 and 0;122 ev,
previoﬁsly deduced. The intensities of both the 8, and Sg
bands fell rapidly from about 45 X with an activation
energy of n0,018 eV. This is of the same order as the
ionization energy for the donor, which is approximately the
same.for‘all undoped crysﬁals. '

Consider the relative intensities of the S0 and No
bands in a spectrum which displays hoth series (at a

temperature of 58 K for example). If thermal equilibrium

is assumed to determine the population of the donor states

the ratio of the intensities of the two series is given by,
(18),

IHES/ILES = A exp (~ AE/kT) (5)

where AE is the ionization energy of the donors, and A

involves the ratio of transition probabilities which is
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estimated theoretically to be about 10>, Using equation (5)

the binding energy AE was found to be 0.018 eV, whiéh compares
very favourably with the spacing of 00,0175 eV between the S0
and NO Zero phonon compohents in crystal'l72,

4.4.2 Flow crystals and crystals groWn with 7n reservolrs

'The intensities of the componenﬁs of‘the emission
of the flow run crystals and of those grbwn with zlnc
reservolrs are plotted against temperature:in Figure 4.l3Q
The variétions of the intensities of the zero phonon com-
ponents of the HES and LES emissions are similax to those
obgerved with crystals grown with selenium resexvoirs.

The variétion in intensity of the I, exciton emigsion is
also shown.in Figure 4.13, |

- Examination of the curves in Figure 4.i3 for
crystal No.l2l reveals that the LES emission shows that
two queﬁching processes are operative andjthese begin at
about 25 and 60 K. The first quenching point occurg in .
the raﬁge7where the associated HES begins to be observed,
whereas‘thé second quenching point coincides with the onset
of quenching in the HES emission. The latter process isg

certainly associated with acceptor ilonization.

‘Thermal quenching can be described by the relation

IRE = l/{l + A exp (;EAC/kTﬁ

where E

AC is the activation enexgy for quenching. Values
of EAC of 0.0083 eV for the quenching of the Il line and

0.018 eV for the LES enission have been obtained., Once again

a value of the donor binding energy of 0.018 eV is found

and 0.0083 eV is the binding energy of Il' This latter is
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a much lower value than that calculated previously from the

displacement of the I1 line from the band gap. The intensity

of the ngzero phonon line decreases rapidly with temperature
above ~78 K at the same rate as Ng.y The activation energy
involved'was approximately 0.094 eV. This agrees reasonably
well with the ionization energy of the acceptof associated
with the Sg series (i.e. 0,112 eV).

When the quenching curves of flow-run crystals
(SoNo) are compared with those of crystals grown with zinc
reservoirs (SgNg) see‘Figure 4.13, the So and Sg bands are
seen to be quenched at approximately the same temperature,
but the No band is quenchéd at a slightly higher temperature
than the Ng band, and has an activation energy of ~0.106 eV
at teﬁperatures above +88 K. This is once again in reasonable
agreement with the acceptor ionization ehergy of 0,122 eV

determined'from the spectral position of the No zero phonon

component.

4.5 Variation with intensity of excitation

The variations of the intensities of the various

emission components at 10 K with excitation intensity

(A = 36502) are shown in Figures 4.14a and 4.14b. The straight

lines obtained from the double logarithmic plots show that

there is é power law relationship between the emission and

excitation intensities. The slopes of the lines give values

of n, the intensity dependence index. The value of n, for
the So zero phonon components of the flbw run crystal was
1.05 £ 0.01, and typically 0.80 £ 0.01 for the crystals grown

in an excess selenium pressure (crystalsNo. 171, 172 and 173).



TABLE 4.5

- Average of all undoped crystals zero phonon

components and values of donor and acceptor

‘binding energies

Lines

| Wavelength Energy Energy of assignments

&) (eV)
S, 4630 2.67799 E = 0.032 eV
No 4600 2.69546 EA = 0.122 eV
Sé 4580 2.70723 ED = 0,031 eV
Né 4555 2.72208 EA = 0,095 eV
sg-’ 4618 2.68496 E, = 0.034 eV
Ng 4585 2.70427

,EA = 0.112 eV
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With the exception of crystal 114, the mean value n, for the

Sg zero phonon components of the crystals grown under zinc

vapour pressure was 0.48 % 0.02.

The dependence of the intensity of the Il line on

exciltation was approximately the same for all undoped crystals

with an intensity dependence index of 1.11 * 0.02.

4.6 © Summary and discussion

‘The results described so far in this chapter appear

to indicate that there are at least three distinct pairs of

edge emission series. The low energy components of these

palrs are revealed at 10 K and have been labelled So’ Sé and

Sg. At 65 K the donors are thermally ionised and the high

energy partners No' Né and Ng are then observed. Averaged

over all undoped samples studied the wavelengths of various

zero phonon lines are as shown in table 4.5.

The crystals grown with selenium in the reservoirs were

all veryvsimilar and displayed the SoNo and SéNé series. The
SéNé pair of seriles was dominant in the samples grown in the
higher pressures of selenium so that it seems to be reasonable
to conclude that this pair is enhanced with increasing selenium
pressure. This 1ig also suppbrted by the observation that these
two coupled series disappeared when the crystals grown in
selenium vapour were annealed in zinc, The acceptor'involved
which has an ionization energy of O.O95VéV is therefore
introduced in the presence of excess selenium and removed by
heating in zinc.

' From the evidence obtained from the crystals grown

in selenium, first impressions would suggest that the longer

wavelength coupled pair SONo was enhanced considerably by
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heating in zinc. However it was noted that the series also
appearéd to shift to shorter wavelengths with prolonged
annealing in zinc.

The studies on the crystals grown in zinc vapour
show that such samples contained the SoNo and S;N; pairs of
series, but now the Sg and Ng paired components were dominant.
The Sg zero phonon line appeared at 46182.while the weaker
So band was observed at 46302. The conciusion would appear
to be that the SgN; pair is dominant in crystals grown in
zinc ﬁapour and it could well be thatAthe apparent shift in
the position of the So band observed in the crystals grown
in seienium after annealing in zinc was due to the appearance-
of the SgNg pair of series following such treatment.

A useful working hypothesis therefore is that there
are three possible acceptors in undoped zinc selenide with
ionization energies of 0.095, 0.112 and 0.122 eV. The
acceptors with activatioﬁ energies of 0.112 eV are enhanced
by heating crystals in zinc or by growing crystals in excess
zinc. They do not appear in crystals grown in selenium.

In contrast the acceptor with an ionization energy of 0.095 eV
does not appear in the presence of excess -zinc but is
enhanced by excess selenium. The deepest acceptor appears

in both types of crystals but tends td disappear with

excesses of either zinc or selenium.

'The donor binding energies were determined by
adding the Coulombic energy correction to the measured
values obtained from the zero phonon components of the

three low energy series. The results show a variation from

*0.031 to 0.034 eV. The lowest donor energies were found in
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crystals grown with excess selenium and flow run crystals,
while the highest were observed in crystals grown with
excess zinc. However the very small difference (3 meV)

in the donor binding energies suggests that one donor level
only is involved in all these crystals and that it is
situated about 0.032 eV below the conduction band.

Before leaving the topic of donor and acceptor
ionization energies it should be remarked that the thermal
quenching of both the S$ and N series at temperatures
exceeding 65 K is consisfent with acceptors with an ioniza-
tion eﬁefgy of about 0.1 eV being involved. Thermal
quenching of the S series also takes place at temperatures
above 25.K when the actiyation enexgy is 0.018 eV. This
is of the order of the effective donor depth as modified
by the Coulombic interaction.

The bound exciton lines were only observed in the
samples grown in excess zinc. Split I1 lines were detected
with the stronger I1 component at 4464R'and the weaker
Ii at 44743. This suggests that the acceptor associated
with I1 is that with an ionization energy of 0.112 eV,
while Ii is perhaps associated with the acceptor with
Ep = 0.122 eV. However according to Halsted and Aven (16)
a rule for excitons bound to neutral acceptors in II-VI
compounds 1is tha£ Eei_/EA=O.l where Eei' is the dissociation
energy of the exciton. The two bound excitons observed
have disocciation energies of 0.0239 eV (Il) and 0.0302 eV

(Ii) (which were calculated from the energy differences

between the observed bound exciton emissions and the previously

reported value of 2.8015 eV for the free exciton emission

(7,14)), so that the appropriate ratios are 0.213 and 0.248
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which,are substantially larger than O0.l. If the Halsted

and Aven rule is valid the two I, lines should be associated
with acceptors with ionization energies of 0.239 and 0.302 eV
respectiﬁely. Free electron tiansitions to such écceptors
would produce emission bands at 4806 and 49278, 1t is
interesting to note that a band at 48308 containing phonon
structure, 1.e. at 4800 (S3), 4860 (845 and 4920 (SS) was
found in crystals grown in zinc vapour whereas this was
absent in samples grown in excess selenium.

It seems probable however that the dissociation
energies of the exciton complexes given above are
excessively large. Thermal quenching of the Il line takes
place with an activation energy of 0.0083 eV, so that
Halsted and Aven's rule would then indicate an acceptor
ionization energy of 0;083 eV, which agrees quite well
with experiment. 1If thils interpretation is correct then the
value of the free exciton energy would have to be 2,785 eV
and not 2,.8015 eV. »

| A priori it is difficult to decide whether the flow
crystals should resemble samples grown in excess zinc or
seleniﬁm. The general shapes of the spectra suggest that
the flow crystals grow in an atmosphefe similar to that
of crystals grown with selenium reservoirs. The absence
of the SgNg pair of series also supports this view, but
it is £hen difficult to account for the.appearance of the
Il line in the emission of the flow crystal. It is‘peihaps

significant however that the'flow crystals exhibit a broad

band emission at 53602.
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One feature 1is quite clear, namely that crystals
grown under the Pmin condition with selenium in the
reservoir are quite different from crystals grown under

Pmin conditions with zinc in the reservoir. Since these

latter are most similar to crystals annealed in liquid zinc
it seems reasonable to assume that zinc reservoirs lead to
the incorporation of excess zinc whereas the selenium
reservoirs lead to the incorporation of excess selenium.
Since crystal growth is a dynamic process and since the
reservolr communicates with the growth capsule via a
narrow 6rifice it 1s perhaps not surprising that the
ambient atmosphere over the growing crystals is not related
in any simple manner to the pressure in the reservoir.
Returning briefly to the topic of the Il lines it
is perhaps worth recording the following facts. If it can
be assumed that a hydrogenic model can-be used to describe
the enéfgy levels of the acceptor responsible for the Il
exciton, the energy of the photon which would be emitted
when the Il exciton recombines but at the same time raises
the tiapped hole to its first excited state with n = 2,
would be I1 - 0.75 EA‘ Substituting the values for I
E

‘ 1 and
A of 2,77758 and 0,112 eV, respectively such a process is

found to have an energy of 2.69358 eV or 46038. The n = 3

excited state would lead to a photon energy (Il - 0.88 EA) =

2.67458 eV or 46328. These two values are of course very

similar to the observed wavelengths of the No and So bands.

Similar processes with an acceptor with E, = 0.098 eV would

lead to bands at 4585 and 4606 which are close to the

observed values of Ng and Sg.
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CHAPTER 5

EDGE EMISSION OF SUBSTITUTIONAIL DONORS IN ZINC SELENIDE
' CRYSTALS

5.1 Introduction

The edge emiésion and self-activated emission of
zinc selenilde cryséals doped with aluminium, gallium, indium
and chlorine are describeéd in this chapter. The dopant, in
suitable form, was added to the charge of zinc selenide, and
crystals were grown from the vapour phase in a continuous
flow of argon. The doped flow run crystals were then either
studied or used as the starting material for the production
of large boules by sublimation under excess zinc pressure.
Unless otherwise specified, the doped flow run crystals
were grown at 1050°C while the boule crystals were all grown
with the uppef furnace control set at 1155°C.

The edge emission characteristics of deliberately
doped zinc selenide crystals were essentially similar in
broad outline to those of undoped crystals. There were
changes in- individual components in certain cases. For
example, aluminium doped flow run and gallium doped samples
showed no edge emission at all, however some doped crystals
showed well resolved exciton emission and phonon assisted
bands, so that the absence of edge emission in particular
crystals probably indicated poor crystal éuality. On the
other hand the observed emission spectra of the doped
crystals were different in detail from those of undoped
crystals grown under the same conditions. This indicates

that the dopant was successfully incorporated in the crystals.
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The emission characteristics are described and

discussed below in separate sections dealing with the

individual dopants. In order to facilitate the presenta-

tion of results, the crystals will be referred to as (X, Y)
and (X, flow~run), where X indicates the dopant element,

Y the element providing the excess pressure during the growth,
while (X, Flow-run) refers to the crystal or crystals grown

in a continuous flow 2f argon with dopant X added.

5.2 Aluninium doped crystals

Two aluminium doped crystals were'studied, one

(Al, flow=run) sample, and a (Al, Zn) one grown under Pm‘

conditions. It was hoped that these growth conditions would

allow the aluminium to substitute for zinc and form a donor.
The emission spectra of these two types of crystal were

different from one another. The (Al, flow~run) crystals

enitted two broad bands only at about 5400 and 6100& at 65 K.
These broad bands which were of weak and medium intensity
increased by about two orders of magnitude as the temperature

was reduced to 10 K. At the same time the 54008 band shifted

by about BOR to longer wavelengths. No discrete pair lines

or phonon assisted emission was detected at either

temperatures.

The emission spectra of the (Al, Zn) doped crystal
No.149 consists of two broad bands and edge emission com-
ponents at 65 K, thch are .shown in Figure 5.1 with dotted
lines.

The two broad bands at about 5430 and 61802 are the

self-activated green and red emissions of these crystals.

The peaks at about 4585, 4610, 4639, 4665 and 46942 belong



"(9A4ND POLOP) Y G9 PUB (3AJND PIOS) ¥ Ol 1B 35UZ

gnd padop (UZ‘lY) o

B4}09dS UOISSIWS 9doUddsaullnT |G oJunbig-

(Y) Yibusjorep ——»

00v% 0057 008y 000S 00Zs 0075 0095 008G 0009 0029 00%79 0099
. 1 . 1 L 1 . 1 1 1 N €L . 1 A | 1 .
— [ o] -
~\l.. -Icl..r....;. \.\\ . tanshidd xomw
H "~ v
: ,,.\\ K s L
1 /

uolssiwg

/
/
~
~
o <3
Ajisuayu

XOT \ m
s 92
\ / Z
_* / \ RS
1 | “ { "8 O
LI T | / v
Np N | /
onlts _ / \ L6 b‘
S5 kk & //\
L87  S69T 8T 08vT | w8z | 9822 7z g€z 9907 6661 /g6 sot

<—— ( A®) ABusu3g




U F—

i . e e e
I

- 113 -

to two LO phonon assisted series. The bands at 4585, 4639

and 46948 are attributed to the HES while those at 4610,
46652 are the corresponding LES components. The value of
45852 for the wavelength of the zero phonon component of
the HES leads to a value of 0.112 eV for the separation of
the acceptor level from the valence band. . This acceptor
is identical with that observed in the uﬁdoped crystals
No.120 and 121 grown with zinc reservoirs.

A bound exciton was also observed at 10 K in the

(Al, Zn) samples. The wavelengths, energies and the

possible assignments of the various spectral features are

listed in Table 5.1 and the emission spectrum is shown in

Figure 5.1 (solid curve). In the bound exciton region the

small shoulder appearing in the high energy region at about

44408 is attributed to the exciton bound to a neutral donor

(I, line) while the three sharp lines at 4460, 4510 and 45618

with half widths of about 222 are attributed to the exciton

bound to a neutral acceptor with two LO phonon replicas,

i.e. Il, Il—lLO and Il-2LO. These bound exciton lines have

identical wavelengths to those observed in the undoped

crystals No.120 and 121 (see Chapter 4, Section 3). How-

ever the intensities and half widths of the exciton emission
were higher than those of the exciton lines in the undoped
crystals, and with the (Al, Zn) samples no splitting of the
exciton emission occurs.

The Il emission formed the largest component of the

luminescence at 10 K, although the LES appeared with medium

intensity with the zero phonon band and three wecak replicas

at 4608, 4663, 4719 and 4777%. These bands shifted by about
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TABLE 5

.1

The position of the emission maxima of the (Al, Zn)
doped crystal No.l49.

Observed spectrum at 10 K Observed spectrum at 65 K
, Wave-— Possible Wave- Possible
Lines length Enexrgy | Strength assignment Lines length Energy assignment
(&) (eV) (&) (eV)
12 4440 12,79259 | Shoulder | (I,)exciton
bound to
neutral dmor
Il 4460 |2.78007 | Strong |Exciton
bound to
neutral
acceptor(Il)
Ii 4510 12.74924 | Strong Il-lLO
I{ 4561 {2.71850 | Strong Il—2LO Ng 4585 2.70427 | HES of zero
phonon
Sg ‘4608 |2.69078 | Strong |Zero-phonon
S; 4610 |2.68961 | LES of zero
phonon
S{ 4663 }2.65904 | Medium |[One phonon
N{ 4639 |2.67280| HES of one
phonon
Sg 4719 |2.62748 | Medium |Two phonon
S{ 4665 |2.65790| LES of one
phonon
Sg 4777 |2.59558 | Weak Three
phonon Ng 4694 |2.64148| HES of two
, phonon
5460 (2.27090 | Strong Self-
activated 5430 12.28344} Self-
activated
6230 [1.99025 | Weak Emission emission
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lOR towards longer wavelengths when the excitation intensity
was redﬁced by one order of magnitude. This effect is
clearly shown in Figure 5.2. The process 1s once again
attributable to the recombination of donor acceptor pairs.
In comparison with the undoped crystals No.120 and 121, the
zero phonon éomponent occurred at an energy some 4 meV
larger than Sg in the undoped crystals, so that if the
46082‘2ero phonon band is associated with a transition of
electrons from aluminium donors to acceptors the ionization
energy of the aluminium donor will be 27 meV. This is in
good agreement with the donor binding energy of 26.3+0.6 meV
for alﬁminium doped ZnSe reported by Merz et al. (1).

The relative intensities of Il' and its phonon
replicas, change as the excitation intensity is varied.
Thus at the highest intensities of excitation the Il emission
line is most intense, but at 15% excitation the first phonon
replica is the most intense, and at the weakest level of
excitation this is the only feature which can be observed.
This clearly indicates that careful consideration must be
given to the intensity of excitation used when interpreting
spectra. With many ofvthe undoped samples described in the
previous chapter a single exciton—like‘line was ohserved at
about 45152. This information obtained from the present

crystal strongly suggests that this line is I,-1LO.

1
The variation of the relative intensities of the Il
line and its replicas with decreasing excitation intensity
is caused by increasing phonon coupling. This may be assoc-
iated with the fact that the weaker excitation will be

absorbed in the surface region only.
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Figure 5.2 Bound exciton and LO phonon assisted emission spectra of

(Al Zn) doped ZnSe crystal No 149, were recorded with

various  intensities of the exciting U.V. radation at 10°K.
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The self-activated emission bands were located at
approximately 5460 and 62308 with half widths of about 320
and 3908 at 10 K. The intensity of the green emission was

higher than that of the red and shifted by about 302 to-

wards longer wavelengths with decreasing temperature. At

the same time the half widths decreased by about 30%. Unfor-
tunately, the shift of the maximum and the variation of the
half width of the red band could not be measured particularly
well because of the low intensity. The band is shown by the
dotted curve in Figure 5.1 which was obtained using a large
slit (3,2 mm). AThe ohserved variations of the half widths
with temperature suggest that several sub-bands may be
involved in both the green and red bands. The shift to
higher energies with increasing temperature may be evidence
of a donor acceptor pair model with redistribution of trapped
electrons. The luminescence centre responsible for the red
emission?may consist of an association at nearest neighbour
sites of an ionized zinc vacancy (acceptor) and an ionized
Alzn impurity donor. A similar explanatidn for the red

(at 64008) emission in ZnSe:Al crystals at 80 K has been
offered by Holton et al. (2). The difference Between the
position of the red band reported here and the previously -
reported value of 64008 emission may be a consequence of the
very low concentration of Al in our crystals. This is:
supported by Aven and Halsted (3) who found that Al diffuses
very siowly in ZnSe, probably because of associlation between
the charged Al donors.and the negatively charged intrinsic
acceptors. Alternatively the crystals used by Holton et al.

(2) may have been contaminated with copper (see Chapter 6).
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5.3 Gallium doped crystals

Two different crystals doped with IOOOAppm gallium
were studied. Both were grown under an excess pressure of
zinc (Ga, Zn). If gallium substitutes for zinc it should
act as a donor, but even under the highést excitation inten-
sity, no bound exciton or phonon assisted pair emission was
detected. This may have been the result of poor crystal
guality or more probably the doping level in these samples
may have been too high. A similar effect has been reported
recently with the bound exciton emission of Ga doped
crystals by Merz et al. (1). They found that as the Ga con-
centration increased the edge emission became broad and weak.

Figure 5.3 shows the self-activated emission of
both (Ga, Zn) doped crystals at various temperatures. At
room temperature (296 K) the emission cbnsists of a single
broad band at 5830R with a half width of about 6008. As
the sample was cooled to 88 K, the half width increased, and
a shoulder appeared ét approximately 5470%8. This shoulder
dominated the spectrum with decreasing temperature and
peaked at 54908 at 65 K. Unfortunately no measurements
were made at liquid helium temperature. It is believed
that tﬁe yellow band at 58308 is characteristic of gallium
and once again may consist of a comple# between a gallium

donor and a cation vacancy.

5.4  Indium doped crystals

Four indium doped crystals were studied, two were.
flow-run samples which had been grown with different con-
centrations of indium and the two others (In, 4%n) were

grown under Pmin conditions from flow run crystals
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containing different concentrations of indium. The
crystals with the lower concentration of In were yellow

in colour, with a résistivity of the ordér of 109 ohm cm.
The crystals with a higher concentration of IA were yellow
or yellowish orange in colour, with évresistivity of the
order of lO4 ohm cm. The different concentration of In
was reflected in the emission spectra of the various
crystals. The crystals containing the higher concentration
of In (In, flow-run) and (In, Zn) crystals 19 and 142 showed
no edge emission at 88 and 65 K. Only a‘single broad band
was observed at about 5480 X with a half width of about
630 X (see Figure 5.4). This broad band had an extended
tail on the longer wavelength side and a shoulder was
observed at approximately 5900 2. Unfortunately no measure-
ments were made at liquid helium temperature.

The edge emission spectra of the crystals containing
small quantities of indium were very similar to those of
undoped crystalsL with the ekception that the bound exciton
emission was not observed. At 65 K, the spectrum of the
(In, flow~-run) crystal No.l7 consisted of the 4600 g zeroc
phonon component while the (In, Zn) crystal No.139 spectrum
contained a diffefent zero phonon component at about 4585 X.
These two different HES zero phonon components and their
accompanying series were also observed in undoped crystals
and have been labelled N and N_ (see Chapter 4). 1In
addition to the HES, two small peaks were observed in both
crystals which were obviously the corresponding low energy
S associates. The emission spectra are shown in Figure 5.4
and their wavelengths and possible assignments are listed

in Table 5.2. The edge emission spectra of these crystals



TABLE

5.2

The position of the emission maxima of the (In, flow-run)
and (In, Zn) doped crystals at 10 and 65 K.

Observed spectrum at 10 K Observed spectrum at 65 K
. Possible
Lines lz:vih Energy az:is:ziit Lines lWavih Energy assignment
Lﬁi (eV) 99 ?%8 (eV)
(In, flow-run) doped crystal No.l7
So 4625 .12.68089 |[Zero phonon No 4600 | 2.68379 | Zero phonon
sl 4680 |2.64938 |One phonon So 4627 2.67973 | LES of zero
phonon
s, 4737 |2.61750 |Two phonon N, 4674 | 2.65278 | One phonon
S3 4794 |[2.58638 |[Three phonon N2 4730 | 2.62137 | Two phonon
S4 4852 12.55546 |Four phonon N3 4788 | 2.58962 | Three phonon
5490 [2.25849 |[self-activated 5480 | 2.26261 | Self-activated
. emission band emission
5960 '2.08039
(In, 2Zn) doped crystal No.139
S; 4610 [2.68961 |Zero phonon Ng 4585 | 2.70427 | Zero phonon
S; 4664 (2.65847 [One phonon Sg 4614 | 2.68728 } LES of zero
phonon
Sg 4719 |2.62747 {Two phonon N{ 4638 | 2.67337 | One phonon
Sg 4776 |2.53613 |Three phonon Sz 4664 | 2.65847 | LES of one
< phonon
s" 4834 {2.56498 |Four phonon NY 4693 2.64204 | Two phonon
4 - 2 P
5500 |2.25438 |Self-activated N'3' 4750 | 2.61034 | Three phonon
emission
' 5480 | 2.26261 | Self-activated
emission
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exhibited well resolved phonon components and four
replicas at 10 K. The zero phonon components lay at
about 4625 8 for (In, flow-run) crystal and at 4610 X
for the (In, Zn) sample. These two zero phonon bands
are close to those observed in corresponding undoped
crystals which were labelled SO and Sg.

Acceptor binding energies of 0.122 and 0.112 eV
were calculated for these two indium—doped crystals
using the observed wavelengths of NO (4600) and Ng
(4585 R) respectively. These acceptors are of course
identical with those observed in the undoped crystals
grown in the corresponding ways, i.e. crystals Nos.120
and 121. The spectra of samples Nos. 17 and 139 were
measured at various excitation intensities at 65 and 10 K.
No spectral shift was observed at 65 K, but a shift of
about 12 g was observed in both the SO and Sg components
at 10 K. The results are shown in Figure 5.5. for ‘the
(In, Zn) crystal No.139. The shifts once again indicate
the presence of distant pair transitions between indium
donoré and the same acceptors as in the undoped samples.
Using the estimated value of the Coulombic interaction
and the measured displacements bhetween the So'and NO and
the Sg and Ng bands, the ionization energy of the indium
donor is found to be 0.029 eV. This compares very well
with the value of 28.9 * 0.6meV determined by Merz et al (l)..

At 65 K a broad emission band was located at 5480 R
in the lightly doped samples. At 10 K this broad band;
had shifted slightly to 5500 & and a small shoulder

appeared at approximately 5960 R. This shoulder is
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presumably the characteristic band for In since it is
more apparent in the heavily doped samples. The cor-
responding luminescent centre may consist of a complex

of an indium donor and a cation vacancy.

5.5 Chlorine doped crystals

The emission properties of chlorine doped crystals
(Cl, flow~-run) and (Cl, Zn) were studied under U.V.
excitation at 65 and 10 K. The wavelengihs and energies
of the various spectral features are recorded in Table 5.3.
The edge emission of the (Cl, flow-run) crystal No.l1l3 is
composed of two phonon assisted series of bands at 65 K
with zero phonon components at 4557 and 4600 X. The

emission spectra over a range of temperatures from 78 to

10 K are shown in Figure 5.6. The series beginning at .

4600 2 was dominant with three well resolved replicas
separated by 0.031 eV. The series starting at 4557 R

is much weaker and appears as shoulders on the high energy

side of the components of the main series. As the sample

was cooled to 10 K, the bound exciton line I2 and the

main LES emission Sé dominated the spectra. The single

bound exciton line at 4440 R was very strong with a half

width of 15 R. This is close to the medium intensity I

2
lines observed at 4447 and 4442 R in the undoped flow-run

crystals and sample No.lO5 grown in excess zinc. Com-

parison of the previously observed 12 emission, with

this line shows that the present line is stronger and

broader which is attributable to the presence of a high

concentration of chlorine. Such a strong and broad 12

line was observed by Merz et al. (1) in their Cl doped

ZnSe crystals.
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A second strong and sharp exciton-like band was
also observed at 4526 8 with a half width of about 18 .
The origin of this band has been discussed earlier and
the correct assignment is Il-lLO. The two strong zero
phonon components of the edge emission were observed on
the long wavelength side of this line at 4578 and 4628 X
with half widths of 25 and 35 R respectively. These two
zero phonon components are very similar to those observed
in undoped flow-run crystals and labelled Sé and SO.
Examination of the emission spectra as a function of
temperature (Figure 5.6) and of excitation intensity
(Figure 5.7) once again indicates that this identifica-
tion is correct.

In contrast with the flow-run crystals, the (Cl,
Zn) samples showed only the high and low energy Ng and
S; sefies, no bound exciton lines were observed even at
4 K. The observed emission spectra are illustrated in
Figure 5.8 and the wavelengths and energies of the
various features are listed in Table 5.3.‘ The zero phonon
component of the HES was located at 4585 R and no shift
was observed with variation of excitation intensity. The
zero phonon component of the LES was located at 4605 2
and an 8 & shift to longer wavelength was observed with
decreasing intensity at 10 K. Once again such a shift
indicates a pair band mechanism in the recombination.
The acceptorAiQnization energy was found to be 0.112 eV,
so that the band at 4605 & which is associated with
transitions of electrons from chlorine donors to these

acceptors implies that the ionization energy of the



TABLE 5.3

The position of the emission maxima of the (Cl, flow-run)
and (Cl, Zn) doped crystals at 10 and 65 K.

Observed spectrum at 10 K

Observed spectrum at 65 K

Wave- Possible Wave— Possible
Lines length Energy assignment Lines length Energy assignment
(R) (eV) (8) (eV)
{Cl, flow-run) doped crystal No.1l3
12 4440 | 2.79259 |Exciton bound Né 4557 2.72089 | Zero phonon
to a neutral
donor (I,) N_ | 4600 |2.69546 | zero phonon
Ii 4526 2.73953 Il-lLO Nl 4654 | 2.66418 | One phonon
Sé 4578 2.70841 | Zero phonon N2 4709 { 2.63306 | Two phonon
So 4628 | 2.67915 | Zero phonon N3 4765 | 2.60212 | Three phonon
Sl 4682 2.64825 | One phonon 5480 | 2.26261 | Self-activated
‘ emission
S2 4738 2.61695 | Two phonon
S3 4795 2.58584 | Three phonon
5490 | 2.25849 |Self-activated
emission
5880 | 2.10869
{Cl, 2n) doped crystal No.123
Sg 4605 2.69253 | Zero phonon Ng 4585 | 2.70427 | Zexro phonon
S; 4659 2.66132 bne phonon Sg 4607 | 2.69136 | LES of zero
phonon
Sg 4715 2.62971 | Two phonon N{ 4637 | 2.67395 | One phonon
Sg 4772 2.59830 | Three phonon N; 4692 | 2.64260 | Two phonon
5490 | 2.25849 | Self-activated 5480 | 2.26261 | Self-activated
emission emission
5890 | 2.10511 5870 | 2.11228
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chlorine donor is 0.027 eV. This donor binding energy

is also very close to the previously reported value of
26.9 * 0.6 meV for the chlorine doped ZnSe crystals
observed by Merz et al. (1).

The (Cl, flow-run) crystals also emitted a single

broad band at 5480 & with a half width of about 520 & at
65 K. A small shoulder WAS observed to the longer wave-
length side of this band at approximately 5880 X at 10 K.
The (Cl, Zn) doped crystals exhibited two self-activated
emission bands which were located 5480 and 5870 8 at 65 K.
The yellow emission at 5870 R was rather more intense than
the green., It is belleved that the yellow emission band .
is characteristic of chlorine and once again may consist
.of a complex between a chlorine donor and anion vacancy.
The yellow self-activated emission of ZnSe:Cl is equiva-

lent to the self-activated blue luminescence of ZnS:Cl (4).

5.6 - Lithium doped crystals

'The emission properties of a (Li, flow-run)
crystal have also been studied under U.V. excitation at
65 and 10 K. The effecté of alkali metal dopants in ZnSe
have not been examined extensively in the past even though
compounds such as NaCl have frequently been used as fluxes
in the preparation of powder phosphors. If the lithium
enters the lattice éubstitutionally at a zinc site it will
act as an acceptor. If it enters interstitially it will
act as a donor.

1Lithium doped crystals were prepared by passing
the stream of argon in the flow-run process over a heated

boat of lithium carbonate before the argon passed over
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the heated charge of ZnSe. The emission spectrum of the
resultant (Li, flow-run) crystals is composed of two dif-
ferent phonon assisted series the zero_phonon components
of which are located at 4562 and 4605 R at 65 K. Only
the 4562 R zero phonon component of the first series is
observed while the 4605 % zero phonon component of the
second series appears with three replicas. No self-
activated emission bands were observed at either 65 or

10 K. The measured emission spectra are shown in Figure
5.9 and-the wavelengths and energies of the various
features and their possible assidnments are listed in
Table 5.4. At 10 K, the emission spectrum consists of
bound exciton em;ssion and the phonon assisted HES and
LES emissions. 1In contrast to the undoped crystals, the
intensity of the bound exciton emission was much higher
than that of the LES. This probably results from the
presence of a high concentration of lithium in the crystal.
Such a behaviour has been observed by Merz et al. (5)

in ZnSe heavily doped with Li,Co,.

2773
The first sharp line in the high energy region is

12 at 4442 R, and the second sharp line is I. at 4472.

1
The intensity of the 12 line is higher than that of the

Il line. Much stronger LO and acoustical phonon coupling

was observed with the Il line. Such a strong 12 line was
also observed by Mefz et al. (5) in their heavily doped
ZnSe:Li crystals at 1.6 K. They also found that the inten-
sity of the Ié line decreased when the Li concentration

was reduced.

On the longer wavelength side of the bound exciton

emission the two zero phonon components of the low energy
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series were observed at about 4575 and 4630 8. The second
series beginning at 4630 2 is identical with that observed
in undoped crystals and labelled So. in addition to the
LES, the HES also appears in the same spectrum at 10 K
which is clearly shown in Figure 5.9. This is unusual for
zinc selenide and differs from the behaviour found in the
undoped crystals.

No shift in the spectral position of the HES and
bound exciton emission was observed when the excitation
intensity was changed. The LES shifted by approximately
10 & to longer wavelengths when the excitation intensity
was decreased by two orders of magnitude. Once again such
a shift indicates that a pair band mechanism is operative.
Using the wavelengths of the zero phonon bands at 65 K,
i.e. 4562 and 4605 R, two acceptor binding energies of
0.099 and 0.122 eV were calculated. Donor binding energies
of 0.023 and 0.032 eV were calculated from the displacements
between the ' two S and N components. It should be noted
that an acceptor binding energy of 0.114 eV for Li doped
crystals was reported by Merz et al;A(S) from the dipect

observation of the individual distant pair lines.

5.7 Discussion

When this work was started it was hoped that
deliberate doping of zinc selenide with different impurities
would lead to changes in the edge emission spectfa, which
would be readily identifiable, and thus provide information
about the various defects associated with those impurities.
The experimental work reported here shows that this hope

was not justified and that the changes observed are subtle
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and difficult to interpret. It is clear that additional

experimental information is required. 1In particular high

intensity excitation, which should reveal the individual

pair lines, wduld be invaluable. Such excitation, for

example with an argon ion laser should greatly enhance the

bound exciton spectra and reveal the two electron

transitions.

The work reported in this chapter has been concerned
with crystals to which five different dopants have been
added., The crystals were either grown using the flow
technique or in sealed tubes in an excess of zinc. The
most striking result is that three different pairs of HES

and LES emission bands were observed and that they occurred

at much the same wavelengths as the three pairs of series
in the undoped samples, so much so £hat the same symbols
NOSO,NéSé and Ngsg have been used to déscribed them. The
occurrence of a particular pair of series in any crystal
was not affected.by'the dopant used but was determined
solely by the manner in which the crystal had been grown.

Thus the Ngsg series were observed in crystals grown in

excess zinc, whereas the other two series were found in

the flow run crystals. In‘thié respect the crystals

behaved in exactly the same was as the undoped samples.
It can be concldded therefore that the ambient atmosphere
during growth is the dominant parameter determining which
palrs of emission series will be observed.

With the majority of the dopéd crystals the high
energy N series bands lay at exactly the same wavelengths

as the corresponding bands in the undoped samples grown



TABLE 5.4

The position of the emission maxima of the (Li, flow-run)

doped crystals at 10 K and 65 K.

Observed spectrum at 10 K

Observed spectrum at 65 K

Lines Wave- Ener Possible Lines Wave- Fner Possible
length (ev?y assignment length (ev?y assignment
&) &)
12 4442 2.79133 |Exciton bound Né 4562 2.71791 | Zero phonon
to a neutral
donor (IZ) No 4605 | 2.69253 | Zero phonon
Il 4472 2,77261 |Exciton bound N 4660 | 2.66075 | One phonon
to a neutral 1
acceptor (Il) .
. N2 4717 2.62860 | Two phonon
Ii 4492 | 2,76026 12~1LO
: N3 4772 2.59830] Three phonon
1! 4500 | 2,75535]I.-TA
la ‘ 1
[ 1] -—
Il 4522 2,74195 Il 110
I 4545 | 2,72807; I,k ~1LO-TA
la 1
Né 4562 2.71791|HES of zero
phonon
Sé 4575 | 2.71019| Zero phonon
No 4600 | 2.69546({HES of zero
phonon
So 4630 | 2.67799| Zero phonon
Nl 4658 2.66189( HES of one
phonon
Sl 4686 2.64599| One phonon
N, | 4715 | 2.62971 HES of two
' phonon
s, | 4742 | 2.61474 ‘Two phonon
53 4795 | 2.58584| Three phonon
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in the same way. This once again leads to the conclusion

that three acceptors, unaffected by the impurities intro-
duced, are involved, with ionization energies of 0.122,
0.095 and 0.112 eV corresponding to the N, N! and N?
series respectively. When lithium was introduced into
the flow run crystals the Né and No series appeared but

the Né series was displaced to slightly longer wavelengths

compared with all the other crystals. This suggests an

acceptor ionization energy of 0.099 instead of 0.095 eV.
In contrast with £he situation with the N bands,
the positions of the S bands were slightly different from
those of their counterparfs in the undoped samples. This
suggests that all four dopants Al, In, Cl and Li introduced
shallow donors with slightly different depths. The first
three of these impurities would enter the lattice substi-
tutionally whereas the lithium would enter interstitially.
Rough estimates of the donor ionization energies have been

obtained from the separation of the corresponding N and S

bands and are shown in Table 5.5. The estimates are

necessarily rough because of the crude approximation used
to find the magnitude of the Coulombic interaction term.
Two sefs of donors were observed in the lithium doped
samples. The shallower set may be characteristic of

interstitial lithium whereas the deeper set may be assoc-

iated with native donors. The lower ionization energy

was calculated from the positions of the Né and Sé bands
whereas the higher energy was derived from the NO and SO
components.

On the evidence available from the positions of

the S and N bands in the undoped and doped crystals it



TABLE 5.5

Values of .donor binding energy and wavelengths

of the bound exciton lines.

Impurity ED ED(eV) Il Ii-lLO 12
(eV) |after Mexz et al. &) &) &)

Aluminium‘ 0.027 0.0263 4460 4510 | 4440

Indium 0.029 0.0289

Chlorine 0.027 0.0269 4526 | 4440

Lithium 0.023 4472 4522 | 4442
0.032

undoped flow 0.031 4468 4518 4447
0.032 |

undoped, excess Zn| 0,032 4464 4517 | 4442

0.034
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seems reasonable to conclude that the'same three

acceptors
can occur in all the crystals, with the possible exception
of ZnSe:Li, where an acceptor with an ionization energy

of 0.099 eV may be present. The various dopants all produce

shallow donors with slightly different depths. In the
undoped crystals a donor depth of 0.032 eV was found, which
suggeéts that a native defect such as a selenium vacancy
was responsible. The three acceptors would also seem to

be associated with native defects.

It is interesting to compare our results with those
of Dean and Merz (6) and of Merz, Nassau and Shiever (5).
Dean and Merz were the first to observe the discrete line

spectra in the edge emission of zinc selenide. They also

observed two series of bands at 1.6 K, the zero-phonon

components of which they labelled QO and Ro‘ The wave-

length of Qo was 4600 and of Ro 4575 R, corresponding more

or less to our bands Sg and Sé. Dean and Merz were of the

- opinion that the RO band was the distant pair band assoc-

iated with the discrete lines. 1In a reappraisal of this

work, Merz, Nassau and Shiever questioned this conclusion.
They observed two different sets of discrete pair lines,
one of which they associated with Qo' but the assignment

of the seéond set (the original Dean and Merz lines) was

unresolved. By studying lithium doped samples they were

able to attribute the lines associated with QO with the
acceptor Li. They then concluded that the ionization

energy of the lithium acceptor was 0.114 eV. Our results

suggest a value of 0.099 eV but it is interesting to note

that the SNU pair of series is associated with an acceptor
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with an ionization energy of 0.112 eV.

In attempting to draw some conclusions, one feature
which should not be overlooked, is that whereas many
samples showed two sets of S and N bands, these two sets
were always composed of So and No with either Sé and Né
or Sg and Ng. The two latter pairs of bands were never
found together in the same samplé. Now Bryant, Hagston
and Radford (7) who studied the effects of radiation
damage on the edge emission of cadmium sulphide found
evidence for preferential pairing in crYstals heated in
sulphur vapour, whereaé the pairing was random in samples
heated in cadmium. The effect of this was that with samples
heated in sulphur many close pairs were involved so that
the Coulombic interaction term was large and the S bands
were therefore displaced to shorter wavelengths compared
with the corresponding bands in samples heated in cadmium.
Thus although two pairs of series were involved they
argued that only one acceptor was present. They also
proposed that the N series was subject to a modified
Coulombic interaction so that the N bands would also be
displaéed to shorter wavelengths in sulphur rich crystals.
Our results are somewhat similar to thosé of Bryant et al. (7)-
if we consider the $6Né and SgNg pairs of bands. For
example they never occur together. The shorter wavelength
pair SéNé was dominant in crystals groWn in excess
selenium, whereas on heating in liquid zinc, or in crystals
grown in excess zinc, the SgNg series appeared. It may be
therefore that these two particular sets of series are in

fact associated with one donor and one acceptor only, and
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that preparation in excess selenium leads to preferential
pairing of the donors and acceptors at near neighbour

sites, whereas pfeparation in excess zinc leads to random
pairing. Some evidence to support this suggestion can

be seen in the curves of Figures 5.2 and 5.7. 1In

Figure 5.2 the Sg band shifts appreciably to longer wave-
lengths as the excitation intensity is reduced. In contrast
in Figure 5.7 the shift of the Sé band is relatively small.
If this latter band is associated with preferential pairs
only a small shift would be expected since the recombination
probability of the various different péirs would be very
similar. This is not true for random pairs.

If this interprétation is correc£ then the three
observed pairs of series are not associated with three
acceptors but only with two, namely those with ionization
energles of 0.112 and 0.122 eV. Furthermore the value of
0.099 eV. for the ionization energy of the lithium acceptor
would be in error because it was deduced from the Né
series which is subject to a large Coulombic intefacﬁion
from the neighbouring, preferentially paired donors.

Another question which is difficult to resolve is
whether the bound exciton lines observed are associated
with the same donors and acceptors involved in the pair

emission process. The wavelengths of the I Il—lLO and

17
12 lines found in thevvarious crystals are also recorded
in Table 5.5. 1In general the bound exciton lines are

fdund in crystals grown by the flow-run technique and in
those grown in excess zinc. No exciton lines were found

in any crystal grown in excess selenium. There is no

evidence therefore to associate any excitons at all with



NS PEV

- 129 -

the SéNé series. This may be very reasonable if this
particular pair of series only appears when preferential
pairing occurs, since the proximity of a neighbouring
defect may inhibit the formation of a localised exciton.
It is interesting to note that Bryant et al. (7) also
found the exciton emission to be very weak or non-existent
in their sémples which had been heated in excess sulphur.
The data recorded in Table 5.5 show that the 12
line lay in the range 4440 to 4447 R. It was very intense
in the chlorine and lithium doped samples, which indicates
the presence of many neutral donors, but there does not

appear to be any correlation between the intensities of

any of the pair bands and the strength of the I, line. 1In

2
lithium doped material the intensity of the exciton emission

was much stronger than that of the pair band emission but
in most other crystals the reverse was true. Aluminium
certainly diffuses into ZnSe with difficulty and the weak
12 line may indicate that few neutral donors were present.
The indium and gallium samples were heavily doped and no
exciton emission was observed. This again supports the
view that excitons cannot be formed at defects when other
defects lie in the close vicinity.

One possibility which must be admitted is that all
the éamples may‘have been contaminated with the same
residual impurity. It is well known that it is extremely.
difficult to remove the last traces of chlorine from
II-VI compounds and it could be that most of the observed
I2 emission indicates the presence of chlorine. One reason

for this suggestion derives from a consideration of the I1
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lines. Crystals doped with Al and Li had clearly defined
Il lines with severél phonon replicas. When the excita-
tion intensity was reduced the relative intensity of the
Il-lLO-replica increased, particularly in the aluminium
doped samples, until it became the main feature of the

Il spectrum. The Il—lLO line lay in thé wavelength range
4510~-4522 . 1In the chlorine doped sample no Il line was
detected but a strong exciton-like line was observed at
4526 8. A similar feature was observed in many of the
undoped samples which could well be evidence of contamina-
tion with chlorine. It is concluded that more evidence

is needed before any firm éonclusions can be drawn con-
cerning the association of the bound exciton lines with
the pair band emission.

Finally various broad bands Were observed at lower
energies which were found to be quite consistent with a
complex centre as the origin of the characteristic emission
of particular dopants in the crystals, so that the observed
broad bands at about 6230, 5960 and 5890 R are tentatively

assigned to the characteristic emission of Al, In and Cl

impurities at 10 K. 1In addition to these emissions, most

of the doped crystals show a green self-activated emission
band at 10 K with a maximum between 5470 and 5490 R. It

is believed that this emission is characteristic of samples
doped with group IIi impurity elements. The self-
activated emission at about 5460 & in Al doped crystals

may be associated with a free electron transition to an

empty acceptor level,
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CHAPTER 6

COPPER AND MANGANESE DOPED CRYSTALS

6.1 Introduction

The emission properties of copper and manganese
impurity in II-VI compounds have been investigated by
several workers (1-9) and many different models have been

proposed for the physical mechanisms of the luminescence

transitions. However, the identification of the impurity

states involved is still a matter of considerable debate

and uncertainty.

The primary aim of this chapter is to describe
some experimental information about the emission spectra

of zinc selenide crystals deliberately doped with cutt

or Mn++ halides or selenides, i.e. copper chloride, copper

selenide, manganese chloride and manganese selenide. The

emission of Cu doped crystals was blué, green or red,

§

while the manganese doped crystals emitted in the green

and orange-red. 1In this chapter the spectra of the copper

doped crystals are described first. Then follows a

description of the results obtained with the manganese

doped samples and the results are compared with previously

reported work. At the end of this chapter manganese doped

crystals containing additional Al impurity are discussed.
The reason for this is that crystals cbntaining manganese
and aluminium are uéed in the preparation of electro-

luminescent Schottky‘diodes. The other optical properties

of these crystals, i.e. their transmission, absorption and

reflection will be discussed in the following chapter.

!
;
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6.2 Copper selenide doped crystals

The emission spectra of two crystals doped with
copper (CuSe, Zn) were studied under U;V. excitation at
liquid nitrogen and helium temperatures. The results are
very similar for both. The emission spectra of one (No.158)
is shown at various\temperatures in Fiqure 6.1. At 87 K,
the spectrum consists of broad blue, green and red bands
centred at 4535, 5290, 6250 % with half widths of about
160, 385, and 430 R respectively. At this temperature the
intensity of the green emission band.was at least an order
of magnitude greater than the corresponding band in the
undoped crystéls, while the blue and red bands were rather
weak. When the crystals were cooled to 65 K, the blue
band was resolved into four sharp emission bands with
maxima‘at 4462, 4512, 4565 and 4615 R, which are attributed
to Il’ Il-lLO, Il-2LO and Sg respectively.

The blue emission spectra at 10 K are shown for
several levels of excitation intensity in Fiqure 6.2. The
first emission peak at the higher energy is at 4462 R, with
a shoulder at &466 R. These are I, lines. Below the T

1
line, two strbng LO phonon replicas appear at 4515 and

1

4564 R. The half width of the bound exciton lines is about
19 & which islslightly broader than that observed in undoped
crystals. The Il line did not shift on varying the excita-
tion intensity and once again the Il~lLO component became
the dominant feature at low intensities; At lower energies
than the bound exciton emission, a rather weak zero phonon
component appeared at 4618 2 with a replica at 4670 8.

This zero phonon component is similar to the Sg band, and
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once again it was observed in a crystal grown in excess
zinc. Note however that the corresponding Ng component
was not observed at 65 K. At that temperature the zero
phonon band also lay at 4618 X. The low intensity of the
Sg series may be explained in terms of substitutional copper
reducing the incidence of native acceptdrs. However the
intensity of the blue emission indicateés that the copper
concentration was not too high.
At 10 K, the strong broad greenvband has a maximum
at 5300 & and the weak broad red band is centred at 6290 .
These emission bands are.very similar tb bands previously
reported in the green at 5300 2 and the red 6300 & in
ZnSe:Cu crystals (1, 2, 3, 4). The green emission band did
not shift with variation of excitation intensity while the
red emission band shifted to longer wavelengths with
reduction in intensity of excitation. The absence of a
shift in the position of the green band with excitation
intensity, and the rather small shift of about 10 R (which
is due to the temperature dependence 6f the band gap) with
increasing temperature, can be explained in terms of recom-
bination between free electrons and holes bound at copper
acceptors. This mechanism is consistent with the model
proposed by Stringfellow and Bube (2, 3) of free-to-bound
recombihation at a multivalent copper impurity model.
Using a value of the energy ¢gap of 2.818 eV the corresponding‘
level of the acceptor centre is found to be 0.474 eV
above the valence band.
The shift of the red emission band with decreasing

excitation intensity is characteristic of donor-acceptor
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Figure 6.2 The blue emission spectra of (CuSe, Zn) doped ZnSe
crystal No. 158 recorded at 10°% for several levels of
excitation intensity.
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pair emission. A similar shift of the red emission band

to shorter wavelengths with increasing excitation intensity
has been reported by Stringfellow and Bube (3, 4), and
explained in terms of a donor acceptor pair model. Taking
the value of 1.971 eV as the observed photon energy from the
red band (at 6250 R) at 88 K, the second acceptor ionisation
energy was found to be 0.829 eV. This is close to the

value of 0.72 eV reported by Stringfellow and Bube (3, 4)
from their photoconductivity measurements. The energy
difference between the observed red emission at 88 and 10 K,
indicates the presence of a shallow.donor level with an
apparent depthof 0.013 eV below the conduction band. Using
this energy with a correction factor of 0.014 eV for the
Coulomb interaction, the donor binding energy becomes

0.032 eV. This is remarkably similar to the donor binding
energy of 0.032 eV determined from tﬁe differences between
the HES and LE% emission bands in undoped crystals grown
with zinc reservoir. The suggestion is therefore that a
native donor is involved in the red emission band and also
with the éppearance of the'LES at 4618 R (Sg undoped

crystals).

6.3 Copper Chloride doped crystals

Ohly oné (CuClz, Zn) doped crystal was studied.
Unfortunately no measurements were made at liquid helium
temperature and és is shown in Figure 6.3 the emission
spectrum at 88 K consisted of broad green, yellow and red
emission bands wiﬁh maxima at 5260, 5830 and 6250 g. No

edge emission or other emission bands were detected at 65 K.
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At 65 K the observed green emission band at

5260 8 is rather flat. It is suggested that two different

emission bands are in fact involved namely a green copper
emission at 5290 & and a self-activated emission at 5480 .
The last self-activated emission band is rather similar to
the green emission band observed in (Cl, Zn) doped crystals.
The broad yellow emission band at 5840 R»dominated the
spectrum'with the red emission band as a small shoulder.
The yellow emission band is presumably the characteristic
band for chlorine as observed in chlorine doped crystals
grown with zinc reservoirs. However Iida (4) found a
yellow emission band at 5700 R in copper doped crystals
which he attributed to a donor-copper acceptor pair
mechanism. Nevertheless the differences in the spectral
emission and absence of the yellow emission in our (CuSe,
Zn) doped crystals 1s strong evidence that the observed
yellow.emission is not associated with copper. We attribute
the yellow band to chlorine and the red and green bands to

the two different levels of substitutional copper.

6.4 Manganese doped crystals

Numerous manganese, MnCl2 and MnSe doped crystals
were studied to.identify the photo-luminescence emission
band associated‘withxsubsﬁitutionai manganese. The first
study was made on flow-run crystals doped with manganese

metal and the emission spectrum of a (Mn, flow-run) sample

is shown in Figure 6.4. This emission spectrum consisted

of phonon assisted edge emission in the blue and two broad

emission bands in the green and red. At 65 K the edge
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emission exhibited five poorly resolved peéks with maxima

at 4604, 4656, 4710, 4770 and 4828 & which were similar

to the Ng series in undoped flow-run cryétals. The

green emission band at 5560 X was rather strong and dominated
the spectrum while a red emission band at approximately

6100 2 appeared as a shoulder on the longer wavelength

side of the green band.

The intensity of the various émissions increased
with decreasing temperature and the edge emission spectrum
exhibitea well developed structure at 10 K. However the
increase in intensity was at least an order of magnitude
less than that in the undoped crystals. It is also
surprising that this well developed phonon assisted emission
did notVShow much displacement in wavelength from the cor-
responding position at 85 K. The five major bands were
located at 4608, 4660, 4714, 4772 and 4830 & and may have
been members of the NO or Sg series. However the zero
phonon component f(at 4608 R) shifted with variation of
excitation intensity by about 15 S when the excitation
intensity was decreased by two orders of magnitude which
suggests that we are observing an S series at both
temperatures. .A similar situation was observed with the
copper doped samples,

The strongest broad peak at 10 K is the green
band located at 5548 R which is believed to be a self-
activated emission. This band is similar to that observed
in undoped crystals and attributed to a free-~to-bound
recombination méchanism because no shift was observed with

variation in excitation intensity. On the lower energy
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side of the green emission band there was a broad red
emission band at 6060 X with a half width of approximately
630 R. It is important to note that this broad red emission
band was not found in the undoped or.any other doped ZnSe
crystals, so that, this band is tentatively attributed to
the characteristic emission of 3d shell transitions in the
Mn++ ion. However, i£ is very difficult to make any
unambiguous statements about the identification of this
emission because the broad nature of the emission makes
precise measurements very difficult, and confusion with
other impurity bands, for example the self-activated, red-
copper, silver, aluminium, chlorine emission bands is
quite possible.

It should be noted that according to reports in
the literature the seif-activated emission band lies in
the vicinity of the manganese band. Previously reported
values for the self-activated emission in zinc selenide
range from 6020 to 6450 R (5,6). Very recently a value
of 6150 X was reported by Jones and Woods (7) which is
very close to the red manganese band observed in the
present work. In comparison with mn** in ZnS there are
reiatively few published reports of the luminescent proper-
ties of ZnSe:Mn. According to Asano et al. (8) ZnSe:Mn
has a band centred at about 6450 8 at 300 K, which shifts
to 6200 & or thereabouts at 80 K. The results of Apperson
et al. (9) appear to indicate a band with its maximum at
6350 ® at both 291 and 90 K. Under U.V. excitation an
emission band was found by Jones and Woods (7) at 6550 )

at 293 K and 6250 8 at 85 K. Thé half widths of the
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various bands were about 900 R at 80 K (8), 700 X at 90 K
(9) and 1000 R at 85 K (7) which are much broader than that.

of the red band reported here.

6.5 Manganese Selenide doped crystals

Manganese Selenide Qas incorporated into ZnSe by
two different methods and anSe, flow-run) and (MnSe, Zn)
crystals were studied under U.V. excitation at various
temperatures. The emission spectrum of (MnSe, flow-run)
crystals consists of a strong blue and fwo‘weak green bands.
At 65 K, the weak green emission bands were located at
5230 and 5460 R in the (MnSe, flow-run) crystals and the
strong blue emission contained three poorly resolved
edge emission bands at about 4608, 4660 and 4714 R which
are similar to the No series of the undoped crystals. No
red ahd bound exciton emission was observed at 65 K and
unfortunately measurements were not made at 10 K for this
crystal.

As is shown in Figure 6.5 the green énd red
emission bands in‘the (MnSe, Zn) crystal were centred at
about 5230 and 6140 & and two blue emission bands appeared
at 4790 and 4450 R at 65 K. At 10 K the green and red
emission bands were at 5235 and 6180 K, and the blue
bands were resolved into a number of narrow bands and
sharp lines. The assignment of the narrow bands is indicated
in Figure 6.5 as}Sg, S;....Sg and the sharp lines are I
1’ Il-TA, Il—lLO, Il-lLO—TA and 1,-2L0. The emission
maxima of Sg, Il and 12 occurred at about 4618, 4463 and

2’
I

4442 8 respectively. This spectrum is essentially similar
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to that observed in the edge emission of undoped crystals
grown with zinc reservoirs. The broad green emission is
also centred at the same wavelengths as in undoped crystals
grown with zinc feservoirs so that it is attributed to the
self-activated emission.

As seen from Figure 6.5 the red band shifts to
longer wavelengths with decreasing temperatures. A shift
in this direction has been reported for the self-activated
band in Z2nS (10) and 2nSe (ll). It is reasonable to con-
clude that no manganese entered the crystals from the MnSe
and the red emission band at 6180 % is therefore attributed
to the self-activated red emission in ZnSe. This is close
to the recently reported (7) value of 6150 R for self-

activated emission in ZnSe.

6.6 Manganese chloride doped crystals

Three different manganese chloride doped crystals

were studied. Of these two Nos.163 and 222 (MnCl Zn)

27
were grown by the usual method with a zinc reservoir while
the third No.213 (MnC12+Mn) was grown by placing MnCl2 in
the zinc reservoir and manganese metal in the charge.
These two different crystal growth methods led to tiwo very
different concentrations of manganese in the crystals. A
low concentration of 20-50 p.p.m. was achieved with the
(MnClz, Zn) samples, while a high concentration of 2000
P.p.m., was obtained in the (MnC12+Mn) sample.

Figure 6.6 show§ the emission spectra of three
samples at 65 and 10 K. The spectra of samples No.l1l88 and

222 containing a low concentration of ménganese consisted

of broad blue, green, yellow and red emission bands



Relative intensity —

1.878 1.937

Photon energy (eV ) —

1999 2066 2137 2.214

2'.296 21.384 2.{.79 2.El'>83 2.1695 2792

10 °K

cry.No213:
—"

»
."
-----
o acavmeseses?

cry.No163.+ :

6600 6400 6200 6000 5800 5600 5400 5200 5

Figure 6.6 Emission spectra of (MnClz,Zn) and (MnCl

at

two different

- Wavele ngth (

temperatures,

e
5000 4800 4600 4400

3 Mn) doped crystals



- 141 -

located at 4590, 5220, 5860 and 6160 & at 65 K. With the
exception of the blue and red emissions, thg bands shifted
to longer wavelengths with decreasing temperature and the
green and yellow emission bands were centred at about 5230
and 5890 R at 10 K.  These weak‘green and strong yellow
emission bands were very similar to the self-activated and
characteristic yellow chlorine bands observed in chlorine
doped crystals, so ﬁhat these bands may well be attributable
to the self-activated and characteristic chlorine emission.
The red emission band appeared as a shoulder on the longer
wavelength side of the yellow emission and shifted to
shorter wavelengths with decreasing temperature and was
located at 6090 R at 10 K. This red emission band is
similar to that of the (Mn, flow-run) crystalé and is
attributed to the characteristic manganese emission in
ZnSe. Af 10 K the blue emission was resolved into five
rather weak emission bands at about 4465; 4514, 4610,

4664 and 4720 & in crystal No.222. These bands are

attributed to Il' Il—lLO, Sg, Si and S;. However the

blue hand was not observed at 65 K in crystal'No.l63 and
only a broad blue emission centred at 4612 S Qas observed
at 10 K. This may be due to a higher manganese concentra—i
tion in the second crystal.

The spectrum of the sample containing a high
concentration of mahganeée was approximately the same
as thdse of the (MnClz, Zn) samples but no blue edge
emission was observed even at the highest excitation and
the lbwest temperatﬁres. Once again tﬁe donor-acceptor

pair emission was quenched in a heavily doped sample.
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Examination of Figure 6.6 shows that the emission of
sampie No.213 consists of the characteristic manganese
band in the red and that due to self-activated chlorine
in the yellow, The red band at about 6060 2 appears at
shorter wavelengths than the corresponding feature in the
(MnClz, Zn) crystals, so that there is a difference of
about 30 % between the positions of the bands which is
probably due to the high concentration of manganese in
crystal No.213. Such ashift was reported by Asano et al.
(8) with increasing manganese céncentration in their

Zn(S:Se) :Mn crystals. Therefore, once again it is

. reasonable to assume that the band at 6060 R is associated

with manganese.

Sample No.213 was also examined after it had
been heated in 1iqﬁid zinc at 850°C for 15 days. Following
this treatment the'emission was almost identical to that
of chlorine doped samples, but no bound exciton and edge
emission bands were observed. These results could be
interpreted as indicating that the heating in zinc removed
the manganese from the crystal. On ﬁhe other hand optical
absorption measurements have been ﬁadé for this crystal
(see Chapter 7) and the same three absorption bands
associated with manganese were found before and after the
heating in liquid zinc. This shows that the manganese
impurity content was not reduced by heating in liquid
zinc, which is known to remove coppér and other impurities
from ZnSe (12). The failure to obéerve the characteristic
Mn++ emission in samples heated in liquid zinc is assoc~-

iated with the onset of competing Auger processes in the

highly conducting ZnSe (7).



TABLE 6.1

The position of the emission maxima of Figure 6.7 and their assignment

Observed spectrum at 10 K

Observed spectrum at 65 K

Lines Wave- Ener Possible Lines Wave-~ Ener Possible
Length gy Assignment Length 9y Assignment
R (eV) R (eV)
(&) (B)
(Mn+Al, flow-run) crystal
Il 4462 |2.77882 |Exciton bound
to a neutral
acceptor
I 4510 |2.74924 I,-110 I, | 4511 |2.74864 1,-110
Sé 4578 |2.70841 |Zero-phonon Sé 4576 | 2.70959 | Zero phonon
LES
S 4628 [{2.67915 |Zero-phonon S 4624 | 2.68147 | Zero phonon
o - o
LES
Sl 4680 |2.64938 |One phonon Sl 4678 [.2.65051 | Zero phonon
LES
s, 4734 |2.61916 |Two phonon S, | 4732 |2.62027 | Zero phonon
v LES
|Broad | 5466 |2,26840 |Self-activated | Broad| 5460 | 2.27090| Self-activated
emission emission
Broad| 6080 |2.03932 |Mn+Al emission | Broad| 6060 |2.04605| Mn+Al emission
(?) ()
(MnSe+Al, flow-run) crystal
I 4460 |2.78007 |Exciton bound
- to neutral
acceptor
I) | 4510 |2.74924 | I,-1LO I; | 4510 |2.74924 I,-1L0
Sé 4576 | 2.70959 | Zero phonon Né 4560 | 2.71910| Zero phonon
So 4625 | 2.68089 |Zero phonon No 4608 |2.69078| Zero phonon
Sl 4680 | 2.64938 | One phonon
Broad| 5460 | 2.27090 | Self-activated | Broad.| 4720 | 2.62693 | Edge emission
i green emission ' '
Broad| 6040 |2.05283 |Mn+Al emission | Broad | 5450 [2.27506| Self-activated
: (?) green emission
Broad | 6040 |2.05283 | Mn+Al emission
(?)
(MnC12+Al, flow-run) crystal
R St Broad | 5440 |2.27925| Self-activated
oemd ssion
Broad | 5860 | 2.08039| Cl emission
Broad | 6120 | 2.02600| Mn+Al emission
(2)
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6.7 Crystals doped with manganese and aluminium

Three different types of crystal were examined,
in which Mn+Al, MnSe+Al and MnC12+A1 had been added
during growth by the flow-run method. Figure 6.7 shows
the observed emission spectra of typical‘crystals at two
diffegent temperatures. The wavelengtﬁs and energies of
the various features are recorded in Table 6.1. 1In general
the emission of ali these crystals consisted of green and
red bands, and except for the (MnC12+Al, flow-run) sample,
the blue edge emission was easily detectable.

The emission of-the (Mq+Al, flow-run) crystal
shown in Figure 6.7, contains an intense red and a weak
green band at about 6080 and 5466-2. The bound exciton
and edge emission bands were well developed and appeared
at shorter wavelengths at 10 K. The boﬁnd exciton and
edge emission peaks were essentially similar to thoée of
undoped flow=-run c;ystals,»With.Il, Ii-lLO, S;, and S_

prominant. See Figure 6.7 and Table 6.1. HoweVe; the Il

line was not observed at 65 K, but once again a strong

Il-lLO phonon assisted line was detected. The zero
phonon pailr band componeﬂts observed at 65 K were Sé and
5o rather than Né and No. .

The curves in Figure 6.7 reveal that the
(MnSe+Al, flow-run) crystal shows similér emission bands
at much the same wavelengths except that the relative
intensities of the broad green and red emissions are
oppoéite to those of the same bands in the (Mn+Al, flow-
run)-sémple. This suggests that the_manganese concentra—

tion is higher in the (Mn+Al, flow-run) crystal, and



\
MX / / |

[l
1
~
%aws\m\w ny.qaa\dm Q
"y 7®5wo ,%émo | z @
N / _ / . | |
B Nh 0
! 5..\Udm O\ol w
) s |
N E.“o e 3 \.
L\ g
c. AW
(o)
(J nlu CJ &
&%}
o

———
(X




- 144 -

rather low in (MnSe+Al, flow-run) sample.

With the (MnC12+A1, flow-run) crystal, no edge
emission bands were observed at 65 K and unfortunately no
liguid helium measurements were made. Once again the
addition of chlorine led to a characteristic broad yellow
chlorine emission at 5860 & while the manganese and aluminium
impurities gave rise to a long tail extending into the red.
A small shoulder appeared at about 6200 R in the tail of
the yellow emission at 296 K. This shoulder shifted to
shorter wavelengths with decreasing temperature and was
located at 6120 X at 10 K. This result suggests that the
band giving rise to this shoulder may not be the self-
activated red emission. In fact when the red band was
drawn by extrapolation (see Figure 6.7) it was found to
be very similar to the red band emitted by the (Mn+Al,
flow-run) sample. It is therefore reasonable to assume
that the shoulder at 6120 & is due to complex centre of

manganese and aluminium ions in very close association.

6.8 Discussion

The deliberate introduction of copper or
manganese impurity in any appreciable qoncentration quenches
the bound exciton and edge emissions so that only deep |
centre luminescence remains. Several élosely neighbouring
bands have been observed in both the gfeen and the red
and aithough it 1is possible to assign some of the bands
to particular luminescent centres it is by no means
possible to explain all the broad bands observed. The

wavelengths of the various bands are recorded in Table 6.2,
and an energy band diagram depicting all the radiative

transitions discussed in this thesis &s shown in Figure 6.8.
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The work on the photoluminescence of the
copper doped crystals indicates that the green (5290 R)
and red (6250 g) bands are due to substitutional copper.
From the experimental observation of the effects of
varying the excitation intensity the green emission is
attributed to a traﬁsition between an electron at the

bottom of the conduction band and the Cu’’ level, while

the red emission ié considered to be a transition from a

donor level to the different Cu+ level. The donor level

has been calculated to lie at about 0.013 eV below the
conduction band and after using the correction factor for
the coulombic interaction the binding energy becomes
0.032 eV, which is identical with that reported earlier
in this thesis for native donors which are presumably
selenium vacancies. The copper acceptbr levels calculated
from the photon energies of the green.and red emission

are some 0.47 and 0.83 eV above the valence band
respecti#ely. Stringfellow and Bube (2,3) also proposed

a model invplving multivalent copper to account for these

two emissionsg and their results are in excellent agreement

with those reported here. However they used a different

value of the energy gap and consequently found values of
0.35 and 0.72 eV for the copper acceptor levels and
0.012 eV for thé donor level.

With copper doped crystals edge emission was
only observed in the samples grown in the presence of

copper selenide. When copper chloride was used no edge

emission was found. Fairly clearly the use of copper

selenide with its low vapour pressure leads to a lightly
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doped samplé whereas copper chloride has a higher vapour
pressure so that more copper would be incorporated. At
the same'time copper would be incorporated more readily

in the presence of chlbrine when charge compensation would

occur. The bound exciton emission, i.e. the I I.-1L0O

1’ 71
and Il;ZLO, lines in the (CuSe, Zn) crystal was very
intense and similar to that in the undoped samples grown
in excess zinc. On the other hand the zero phonon pair
band Sg was weak and only just detectable. Once again
there appears to be no correlation between the intensity
of the Il lines and the distant pair emission. A reasonable
hypothesis would be that the I, line at 4462 % is associated
with substi£q£ional copper whereas the distant pair bands
are associated with native acceptors. All the Il lines
observed in all the samples examined lay within 3 R of
4462 R except in the sample doped with lithium where the
Il line was detected at 4472 X. Since copper and lithium
were the only acceptors to be used during this work it
seems reasonably to suggest that in fact only two different
Il lines have been observed. It is well known that copper
1s a residual contaminant which it is difficult to remove
from II-VI compounds. It could well be that the observa-
tion of an emission line at 4462 £ indicates the presence
of this contaminant in many of our samplés.

The weak LES of distant pair bands in the
copper doped ‘sample was again identical to the . series
which is typical of éamples grown in excess zinc. The

corresponding high energy Ng series was not detected at

65 K. This may be the result of the presence of other
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- free-to-bound recombination routes in a crystal

deliberately doped with an acceptor impurity such as

copper. To resolve such an issue it would be necessary

to measure the response times of the various emissions.

One obvious difference in the observed emission

spectra of the (CuSe, Zn) and (CuClz, Zn) crystals (see

Figures 6.1 and 6.3), was that an intense yellow band was

observed in the (CuClz, Zn) samples. This emission is

attributed to the characteristic chlorine self-activated

emission. An identical emission band was observed in the

(MnCl,, Z2n) and (MnCl,+Al, flow-run) crystals (see
2 2

Figures 6.6 and 6.7) which did not appear in other manganese-

doped samples when chlorine was not used. The work on

samples doped with chlorine only, which was described in
the preceding chapter, showed that the band characteristic

of thorine was centred at 5890 R. There can be little

doubt therefore that a yellow band at 5840 R is ‘character-
istic of chlorine.

One of the major subsidiary interests in this
work was to try and:determine the spectral position of the
characteristic manganese emission and at the same time to
find a satisfactory way of introducing substitutional Mn++
in the ZnSe. The results recorded in Table 6.2 allow us
to conclude that Mn++ leads to a characteristic emission
band centred at 6040-6060 R. Little manganese was

incorporated when attempts were made to introduce the

dopant via manganese selenide. Thus when manganese selenide

was used in the flow process or in the sealed capsule with

an excess of zinc, no band at 6060 R was observed. A band
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in the red at 6180 3 was observed, particularly in the
samples grown in excess zinc with MnSe added, but the

spectral shift of this band with temperature indicates
that it is a self-activated emission.

The most satisfactory way of introducing man-
ganese was to use manganese chloride. Atemic absorption
spectrbscopy showed that up to 2000 p.p.m. were incorporated
in a crystal groWn in a sealed capsule from a charge of
ZnSe plus metallic Mn while the reservoir contained MnClz.

This is the sample designated (MnC12+Mn). These crystals

showed the characteristic manganese emission but the
yellow emission at 5890 R associated with chlorine was much
more intense.

When aluminium was used in cqnjunction with man-
ganese or manganese compounds in the flow process the
resultant crystals emitted in the characteristic manganese
band. No yellow band was detected except in the sample
where manganese chloride had been used during growth.
However in each of the three types of sample containing
manganese and aluminium a green band was observed at about
5450 8. This is very probably a band characteristic of
aluminium. Many different green bands have been observed
in the course of this work but one quiﬁe notable feature
is that a band hear 5490 ® nas been observed in all crystals
doped with group III'impurities, i.e. Al, In and Ga. It
1s difficult to be certain of how many green bands there

are but undoubtedly a band near 5300 R is characteristic

of copper and one at 5490 R indicates a group III impurity.
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It is questionable whether there is any great
benefit to be defived from speculating on the atomic nature
of the centres responsible for the various luminescent
transitions reported in this thesis. However, for complete-
ness some remarks are necessary, see also Figure 6.8.

A study of the wavelengths of the various broad
bands listed in Table 6.2 shows that the bands can be
divided roughly into four groups. Thus there are two groups
of green bands; in one group the wavelengths lie between
5200 and 5300 & and in the other the wavelengths range
from 5450 to 5500 A. There is also a yellow group with
wavelengths from 5820 to 5900 R apd a red group with wave-
lengths between 6040 and 6230 R.

| From the results reported here it seems
reasonable to assert that copper is associated with a green
band at 5290 R and a red one at 6250 X. It might be
reasonable to assume that most of our samples were contam-
inated with copper and that this could account for the
band at 5230 & observed in many samples not deliberately
doped with copper. However this seems unlikely for two
regsons:- |
(1) - The spectral position of the copper green band
did not shift when the intensity of the excitation was
varied, whereas a definite shift was detected with the
band at 5230 K.
(2) All the samples doped with Al, In, Ga or Cl
failed to show the 5230 X green band. We conclude that
this band is different from the copper one and in fact
that there are at least three green bands since every

sample deliberately doped with a group III impurity or
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chlorine had a green emission at about 5480 R.

Referring baék to Chapter 4 it will be recalled
that undoped crystals grown in excess zinc exhibited a
green band at 5230 & whereas those grown in excess selenium
had a green band at 5560 8. Assuming no contaminating
impufities are involved there are either two quite dif-
ferent ﬁative acceptors present or alternatively some
different complexes of the basic point defects are formed
depending on the atmosphere during growth.

Since a green band at about 5500 R 1s found
both in undoped samples grown in excess selenium and in
samples doped with the elements of groups III and VII it
is tempting to assume that this band indicates the presence
of zinc vacancies. Simple arguments based on the principle
of charge compensation require that zinc vacancies are
produced when ZnSe is heated in excess Se or when In+++
or Cl; ions are substituted. The 'band at 5500 & would

then beiexplained in terms of a transition in which a

free electron in the conduction band recombines with a

- hole at the zinc vacancy acceptor.

The yellow band at about 5850 % was observed

in samples deliberately doped with In, Ga or Cl. It could
well be that this band is associated with a complex centre
consisting of a‘zinc vacancy and a foreign donor at
nearest neighbour sites. 1In 2nS such an associate is
referred to as an A-centre and has been shown to be
responsible for the self-activated blue emission of that
material. Work in this department on.the Hall coefficient

and electrical conductivity of ZnSe doped with donor
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impurities (13) has shown that both deep and shallow
donor levels are produced by In, Ga or Cl but that alumin-
ium seems to lead to shallow donors only. It could be
therefore that the yellow band in In, Ga or Cl doped

material corresponds to the red (6230 X)'band in aluminium

" doped samples and that all these bands are attributable

to complexes of the A~centre type. The remaining self-
activated band at 6150 & or thereabouts could then be
evidence of the existence of an A-centre formed from
native donors and acceptors, i.e. zinc.and selenium
vacancies.

This explanation is self consistent as far as
it goes but leaves two difficulties, (15 no account is
given of the nature of the centre responsible for the
short-wave green band at 5230 R and (2) if either one
or both of the SO and Sg series of edge emission bands
are attributable to'transitions involving native acceptors,
the native acceptors must have at least two levels of
ionization in order to be involved with both green and
edge emission. The latter difficulty could be overcome
by suggesting that a zinc vacancy can capture one or two
holes, the second of which would lie iﬁ a relatively
shallow level and hence be responsible for the edge
emiésion. An alternativé explanation invoked by Brown
et al. (14) for CAdS might be that the recombination
leading to edge emission involves an excited hole state

of the acceptor.
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CHAPTER 7

OPTICAL TRANSMISSION AND ABSORPTION
IN UNDOPED AND DOPED CRYSTALS

7.1 . Introduction

Measurements of the spectral dependence of.transf
mission, absorption and reflection coefficients are useful
independent methods for studying the energy gap and band
structure of II-VI compounds. Thus, in an attempt to
learn more about the various electronic transitions in ZnSe,
the transmission and absorption spectra of undoped and doped
crystals were measured in the wavelength region from 4000

to 7200 8. The spectra were obtained from mechahically

‘and chemically polished parallel-sided plates of widely

differing thickness (see Chapter 3).

In general the absorpt;on coefficient increases
rapidly as the photon energy approaches the valﬁe-of the
energy gap. The magnitude of the absofption coefficient
then lies in the ranée lO2 - lO6 cm—l. The marked increase
in the absorption coefficient with decfeasing wavelength
is characteristic of all semiconductors and is responsible
for what is called the absorption edge. With decreasing
photon énergies.below the absorption edge, the absorption
coefficient graduallyvdrops and the crystal becomes
increasingly trénsparent. |

The large increment in the absorption coefficient
is due to the onset of absorption in whiéh electrons are
excited'from the valence band across the forbidden energy
gap to the conduction band. The work described in this

chapter has been devoted to a study of the absorption edge
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and defect structure to try and obtain some information
about the energy gap and the sﬁates close'to the band
edges. A

"In the investigation of the absorption edge, most

of the transmission measurements were made on very thin

samples using éhe Optica spectrophotometer. The values

of the absorption coefficients, reflection coefficients and
refractive indexes were calculated using Fortran-4 computer
programs. Some absorption spectra were also measured
directly on thick samples using the Bausch and Lomb spectro-
graph. In this chapter the observed transmission spectra
and calculated absorption and reflection coefficients are
discussed for both undoped and doped samples. Then follows
a description of the results obtained from the directly

observed absorption spectra of MnCl2 doped crystals.

7.2 Transmission and absorption spectra of undoped

crystals

-Transmission spectra of two undoped crystals
(grown with zinc reservoirs) No.113 and 155 were measured
using slices of two different thicknesses. The observed
trénsmission spectra are shown in Figure 7.1. 1In both
samples the transmission rose sharply at about 4690 2 at
room temperature and thereafter increased slowly as the
wavelength was increased. The curves at 85 K are similar
but the transmission minimum shifts towards shorter wavé-
lengths with decreasing temperature. The rapid increase
occurred at about 4470 ® at 85 K. If interference effects

are ignored, the transmission of a parallel plate of
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thickness d is (1),

(1-R)% e~ @ d(14K )

To= 7 =244 (1)

where o is the absorption coefficient, R is the coefficient
of reflection, n is the refractive index and k is the
extinction coefficient (k = aA/4w). For most transmission

experiments k2<<n2. If 4 is then chosen to ensure that

2 20d

RS e <<1l, equation (1) takes the very simple form of,

T = (1-R)? exp(-ad) (2)

Hence, the absorption coefficient.a can be obtained by
measuring the transmission of two samples of different
thickness without knowing the reflection coefficient
provided it is the same for both sampleé,

Using equation (2) with the transmission_data
.described above for crystals Nos.155 and 113 the ébsorption
coefficient was calculated using a Fortran-4 computer
program. The output of the computer_élotter giving the
absorption coefficient at 296 and 85 K is shown in
Figure 7.2. With both crystalé the absorption coefficient
increased steeply at about 476§ R at 296 K and 4480 ® at
85 K. There is no evidence of structure at thé longer
wavelengths, aithough small peaks and shoulders may be
seen at noise level in the tail of the absorption edge.
Examination of the spectrum in this regidn with higher
resolution indicated the presence of four very small peaks
at about 4560, 4585, 4820 and 4880 & in crystal No.l55

at 85 K. No evidence of exciton absorption was found.
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In order to determine the forbidden gap of the two
crystals, direct absorption processes were assumed and
the square of the absorption coefficient was plotted as a
function of photon energy. The resultant curves are shown
in Figure 7.3. Extrapolation of the straight line portions
to o® = 0, gives a value of the forbidden gap of 2.634 eV
at room temperature and 2.765 eV at 85 K for both crystals.
These values would appear to be about 0.03 eV lower than
previously published results i.e. 2.67 eV at 300 K (2)
and 2.809 eV at 79 K (3).

The reflection coefficients were computed using
the calculated absorption coefficients in‘equation (2),
the resultant reflection spectra are shown in Figure 7.4.
In this preliminary calculation of reflection coefficient,
two different curves were found for two different samples.
A value of the refractive index of 3.18 was found for
A = 5890 R. This should be compared with previously
published values of 2.89 (4) and 2.61 (5). .

7.3 Transmission and absorption spectra of doped crystals

Transmission spectra'of;Al, Ga, In, Cl, CuSe and
MnCl2 doped boules (grown with zinc reservoirs) were also
measured in the same wavelength region‘of 4000 to 7200 R
and the results are shown in Figure 7.5.

As seen from the curves of Figure 7.5 all doped
crystals, except that grown with CuSe, show similar and
structureless transmission spectra. However, the trans-~
nission was quite sharp in samples doped with group III

impurities and noticeably less sharp in samples doped with
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Figure 7.3 The square of the absorption coefficiert versus photon

energy in ZnSe crystals at two different temperatures.
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Cl and Mnélz. With the CuSe doped crystal the trans-
mission curve suggests that two broad absorption bands
are present.

The absorption coefficients of the various doped
samﬁles have been computed and are plotted in Figure 7.6.
Once again, except for the CuSe doped crystal, no structure
was observed near the absorption edge at 85 K. It is
clear however that near band-gap absorption is quite strong
in chlorine~doped samples.

The most interesting results were obtained with the
CuSe doped crystal which shows three broad bands below the
absorption continuum at about 4600, 5050 and 6750 8. The
bands at 5050 and 6750 g may be due to.internal transitions

10 9

within the 3d°° shell of cu’ and 3d

shell of cu™™ ions on
the substitutional zinc sites. Similar bands have also

been reported by Pappalardo and Dietz in CdS:Cu crystal (6).

7.4 Optical absorption of MnCl2 doped crystals

In an attempt to determine the position of the man-
ganese enerqgy levels in the ZnSe-érystal field, the absorp-
tion spectra of crystals grown in the presence of MnCl2
(see Chapter 6, Section 6) were examined using polished
slices 5 mm. thick. In these experiments the Bausch and
Lomb grating spectrograph was used to record the trans-
mission photographically.

'Densitometer traces of the absorption spectra at

10 K for one (MnCl., + Mn) and two (Mnclz, Zn) crystals

2
are shown in Fiqure 7.7. The absorption spectra of the
two (MnCl,, 2n) samples (crystal No.163 dotted curve and

crystal No.222 dotted and dashed cruve) both of which



“— Photon energy (eV )

2.87 2583 2,384 2214 2066  1.937  1.823  1.722
o f F " : . ; ; ; _
\‘\

10.6“ \
—~ \\\

2 5

505t |\

P \\\\

C ~~

e TSl

=04 \ Rt Crystal No.55

) Eiatlad T SN

o T e ]
]
ot N I
v T te——— Crystal No.N3
% 02 B T
0@

OJ..

00

Wavelength (& )—

4400 4800 5200 5600 6000 6400 6800

7200

Figure 7. 4 Reflection spectrum of undoped ZnSe crystals

at 85 °K.



- 158 -~

contained a low concentration of manganese (20-50 p.p.m.),
show no structure below the absorption continuum. However
the absorption spectrum of the (MnCl2 + Mn) doped crystal
No.213 containing a high concentration of manganese

(2000 p.p.m.) did exhibit broad bands and sharp lines in
the region of the absorption tail at 10 K. The continuous
curves of Figure 7.7. show that a brdad band at 5050 R

was superimposed on to the tail of the absorption edge.

Op the low energy side of this band a doublet appeared with
components at 5134.8 and 5137.4 &. The half-widths of the

components were about 1 . The line at 5137.4 R was

" approximately twice as intense as that at 5134.8 2. Rather

broader and weaker lines were also apparent at about 5086,

5097 and 5119 R. The broad band centred at 5050 R and its

assoclated structure corresponds to the 6A -—04T transition

1 2
within the 3d5 shell of the Mn++ ion. Phonon coupling
occurs and this accounts for the fine structure. The line
at 5137.4 R is probably the zero phonon line. Similar
optical absorption spectra in ZnSe:Mn haQe been reported
previously by Lénger and Richter (7) and the spectrum
reported here hés recently been discussed by Jones and
Woods (8).

In their work on melt grown ZnSe:Mn crystals,
Langer and Richter»(?) were able to observe three absorption
bands at 4.2 K which correspond to the following transitions
in the tetrahedrally co-ordinated Mn** ion in zinc selenide:
6Al—*-4Tl, 6Al--->4T2 and 6A1-v4A1, 4E. They were
studying phonon coupling and reported one zero phonon line

for the 6Al-4>4Al, 4E absorption band and a zexro phohon

doublet for the 6Al-—>-4T2 absorption band, together with
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other phonon lines. No phonon structure was observed
with the 6Al-—)‘lTl absorption band. Using this interpre-

tation to explain the spectrum of the (MnCl,+Mn) doped

2
crystal No.213 the most clearly resolved broad band

corresponds to the 6Al-—>4T2 transition. The 6Al—+—4Al, E

transition at higher energies was not observed, neither

1

was that at the lowest energy, although it does appear
after heat treatment (see later). With our sample the

maximum of the broad band associated with the 6A -—>4T

1 2
transition lies at 5050 R compared with the value of
4995 S reported by Langer and Richter (7). Phonon structure
similar to that reported by Langer aﬁd Richter for this/
band is quite evident. The zero phonon line issplit by
2.6 R (lO‘cm_l) and the more intense longer wavelength
component lies at 5137.4 R. Langer and Richter found the
same splitting with the longer wavelength.component at
5102.6 8. As for the structure at higher energies in
Figure 7.7, the displacements from the zero phonon line

of the three features marked arel8.4 (71 cm 1),

40.4 (154 cm ')and48.4 (197 cm ') R. It is interesting
to note that Carnall et al. (9) have reported multiple-
phonon absorption séectra in ZnSe and héve found the
following lattice phonons at the X and L points on the

zone boundary: TA, = 17.4 8 (69 em %), LA, = 41.2 A

X X
(160 cm-l) and TO,

it

48.8 8 (200 cm” 1),

In an attempt to remoﬁe ény contaminating copper
and other impurities, and also because ZnSe:Mn used for
electroluminescent lamps is subjected.to the same treat-

meﬁt, the (MnClz+Mn) doped crystal No.213 was annealed
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in molten zinc for 15 days at 850°C. The absorption
spectrum measured after this treatment is shown by the

dashed cruve in Figure 7.7. The resulting densitometer

-trace was almost identical to the original curve, but two

new phonon bands could now be resolved at 5074 and 5112 X.
The éero phonon lines had shifted slightly towards shorter
wavelengths with maxima at 5134.3 and 5136.9 8. At the
same time the longer wavelength absorption band with a
maximum at 5340 R was now detectable. The phonon structure
assocliated with the 5050 X band was much more clearly
résolved and new separations from the zero phonon line
were found at about 24.9 8 (97 cm™}) and 62.9 & (242 em}).
These separations are similar to the reported phonon wave-
lengths of TA; = 24.2 ® (95 em™ 1) and LO, or LO., 59.6 R
(237 em 1) or 62.9 8 (242 em '), These modes were
determined by Cornall et al. (2) and Reynolds et al. (10).
The appearance of the rather weak longer wavelength
band and ektra phonon lines following.heat treatment in
zinc may well be associlated with the removal of a small
trace of copper impurity from the crystal. Copper leads
to an absorption band at around 5050 R (see Section 7.3).
Therefore it is reasonable to suggest.that heating in
liquid zinc removes the copper impurity from the crystal
but has no effect on the state of substitution of the
manganese in the zinc selenide lattice. Consequently the

manganese transition can be observed more clearly after

heat treatmeht inlzinc.

7.5 . Discussion

All the absorption measurements reported here were
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made on relatively thick samples such as are normally
used to obtain information about impurity or defect

absorption processes with small oscillator strengths.

‘'To study excitons in absorption it is necessary to use

thin specimens so0 that the excitons can be observed in

a wavelength region where the continuous absorption
coefficient is high. Since no measurements were made on
such samples it i1s not surprising that no exciton
absorption was observed.

The measured absorption spectra of undoped samples,
and of those doped with Al, Ga, In and Cl, yield
relatively little information. Reasonable values have
however been obtained for the forbidden gap in ZnSe and
the variation of the square of the absorption coefficient
with photon energy confirms the accepted view that

absorption processes in ZnSe are direct. The samples

- doped with elements of group III show no evidence of

deep~centre absorption at all, but crystals containing
chlorine do have an appreciable impurity absorption region
close to the absorption edge. However no structure was
resolved at 85 K. It might be profitable to repeat the
experiment at helium temperatures.

Evidence of deep-centre absdrption was observed in
the crystal grown in the presence of CuSe. Jones (1l1)
has shown that the red copper emissién is excited in a
band at 5100 & but he was unable to measure the excita-
tion spectrum of the copper green emission. It may well
be that the absorption bands obsérved at 4600 and 5050 R

correspond to the excitation bands for the green and red
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copper emissions respectively. By ana;ogy with ZnS
and CdS it might be expected that the absorption at
6750 ® is associated with infra-red luminescence. The
resolution of these problems calls for further work.

The absorption spectrum of the sample most heavily
doped with manganese was by far the most interesting.

Two broad bands were observed at 5340 and 5050 R which
correspond to the 6A1—+-4T1 and 6Al—+»4T2 transitions
between the levels of the isolated Mn"* ions. The band
at 5050 R was much the stronger and displayed considerable
phoqon structure. The zero phonon line was split into

an easily identifiable doublet. The reason for the
splitting is not known. The other structural features
are all separated from the zero phonon line by energiles
which can be closely correlated with those of lattice
phonons in ZnSe. Thus we observe five phonon lines with
separations of 71, 97, 154, 197 and 242 cm © from the
éero phonon line, which are identified as TAX, Lox, LAX,
’I‘Ox and LOP‘ X and T refer to the usual points within
the Brillouin zone. It is clear that the electronic
transitions in the Mn++ ion couple with the lattice
phonon spectrum.

Jones and Woods (8) have studied the exéitation
spectrum of the characteristic manganese emission. They
found three excitation bands at 4650, 5025 and 5370 & at
. 85 K. The two longer wavelength bands are clearly
identical with the two absorption bands reported here.
The excitation<précess 6A1—4>4Tl which leads to the

absorption band at 5340 R is clearly the reverse of the
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luminescence emission process which leads to the band

at 6060 3.

In an isolated Mn++ ion the ground state is 68 and

the first excited state is 4G. In the tetrahedral crystal

field of the ZnSe the ground state is unaffected and

beconmes 6Al whereas 4G splits into 4Tl, 4T2 and 4E, 4A

and other higher levels. Transitionsto these latter

1

higher bands are obscured by the onset of optical absorp-
tion in the host lattice. ,

Finally it should be emphasised that heating a
manganese doped sample in liquid zinc does not remove
the manganese from the crystal even though the luminescence
emission is changed by this treatment. Copper and other
impurities are removed so that the manganese absorption

is more clearly observed.
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CHAPTER 8

CONCLUSIONS

8.1 Introduction

The edge emission of a large number of crystals of
zinc selenide has been studied extensively and it is clear
that acceptor states lying about 1/10 eV above the valence
band and shallow donors are responsible for the edge
emission in both the undoped and doped samples. The
spectra of most ZnSe crystals exhibiting edge emission
under U.V. excitation, usually contain sharp lines and
broad bands which are attributed respectively to bound
exciton - recombination and recombination of free or trapped
electrons with holes trapped a@ the accebtor centres. 1In
the bound exciton spectra a weak I2 line and a more intense

Ii line were usually observed (in some cases the I. line

1
appeared as a close doublet separated by about 10 R). Lo
phonon coupling was more pronounced with the Ii.than with

the I, lines (1). The.broad bands occurred as a series of
LO phonon replicas. At 77 K the so-called high energy
series (HES) was observéd, this arises from the.recombina‘
tion of free electrons with holes bound to acceptors. At
liquid helium temperatures the HES is quenched and is
replaced by the low energy series (LES) which results from
the recombinaﬁioﬁ 6f electrons bound to shallow donors

with holes bound at the same acceptors (2). It is believed
that the observation of the same I2 liné in all the crystals
indicates the presence 6f the sameAdohors in all the

samples. This is probably a native defect, possibly a

selenium vacancy. It has not been possible to find a
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connection between the acceptors responsible for the Il
lines and those associated with the broader edge emission.
However, the purpose of this chapter is to summarize
briefly the implicatién of the results and as a consequence

to give some suggestions for further work.

8.2 Acceptor Centres

The crystals studied during the course of this
reseafch.were generally grown under excess partial pressures
of the constituent elements and it was found that the
optical properties of samples grown in excess zinc were
significantly different from those of samples grown in
excess selenium. For this reason undoped crystals grown
in three different ways were examined and at least three
distinct pairs of edge emission series (S and N bands)
were observed. In any one crystal two of these S and N
pairs of series were observed. The N series were attributed
to free-to-bound transitions at 65 K and the S to bound-to-

bound transitions at 10 K. The edge emission spectra of

the flow run crystals were identical to those of crystals

grown in excess selenium. All crystals have one pair of
edge emission bands in common, i.e. those labelled So’
No' Crystals grown iﬂ excess selenium aiso exhibit the
Sé, Né palirs whereas with those grown in excess zinc the
Sg, Ng palr is dominant. Thus, it is concluded that three
distinct acceptor states must be involved in our undoped
samples with ionization energiles of 0.095, 0.112 and 0.122'
eV. The deepest acceptor was the one common to all three
types of crystal and may well be associated with a common

acceptor-type impurity.
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With the majority of the doped crystals the same

three S and N pairs of bands were found with the N com-

ponents at exactly the same wavelengths as the correspond-

ing bands in undoped samples grown in the same way. Once
again thfee identical acceptor states were responsible for
the observed emission. Since doping with donor type
impurities such as Cl and In would introduce native
acceptors such as zinc vacancies for charge compensation
purposes, the results tend to suggest that the Né and Ng
bands are associated with these native acceptors. Only
two foreign acceptors were examined. No edge emission
which could be identified as characteristic of copper could
be found. This is consistent with the idea that copper
forms deep acceptor levels which are responsible for the
broad band emission at longer wavelengths. With lithium
a different edge emission spectrum was observed and an
acceptdr ionization enefgy of 0.099 eV was obtained. This
does not agree with the value of 0.114 eV reported by
Merz et al (3) for lithium doped ZnSe. It would be
valuable to examine crystals doped with other alkali metal
impurities.

Most 6f the crystals grown'in excess zinc show two
Il lines. The energy difference between the lines was
6 meV which should:correspond to a difference in acceptor
depth of ~60 meV.Q This is very large and implies that
the éccéptors responsible for Il’ are not the same as
those responsible for the N bands. As for previously
published data on ZnSe, Dean and Merz (4) and Merz et al

(3) found discrete pair line spectra. They also observed
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two Il lines at 4456 and 4462 & and two series of S bands.
They did not report the observation of the N bands. TIida
and Toyama (5) also reported two Il lines at 4455 and
4471 £ and two distant pair bands at 4560 and 4590 S
indicating two acceptor levels differing by 18 meV. Thus
a wide variety of acceptors must be responsible for the
Il lines and band edge emission in ZnSe. This clearly
suggests that different investigators have different
impurities in their samples.

In contrast with crystals grown using the flow run
technique or in excess zinc, no bound exciton emission was
found in crystals grown in excess selenium. Therefore
there is no evidence to associate any excitons at all with
the acceptor with an ionization energy of 0.095 eV. The
absence of exciton lines in crystals grown in excess
seleniumvmay well be consistent with the idea that preferen-
tial pairing of donors'and acceptors occurs in crystals
grown in excess selenium. Bryant et al (6) have shown
that such preferential pairing does océur in CdS crystals
heated in excess sulphur. If preferential pairing did
occur it-would be reasonable to assume that bound excitons
could not form on an acceptor surrounded by closely |
neighbouring donors. 1In any event Bryant et al found very
little or no Il emission inhsamples heated in excess sulphur.

If preferential pairing does occur our results
should be interpreted to indicate the‘presence of two
acceptors with ionization energies of 0.112 and 0.122 eV.
The value of 0.095 eV determined from the Né band would

in fact, on this interpretation, be associated with a large
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correctién factor of 0.027 eV to allow for the Coulombic
interaction of the surrounding donors. The conclusion

would then be that 0.112 eV is the ionization energy of

an unknown foreign impurity while 0.122 eV is the ionization

energy of a native acceptor.

8.3 Donor Centres

In cadmium sulphide the I, line has been assigned to

2
the recombination of an exciton bound to a complex con-
sisting of a singly ilonizable donor composed of a sulphur
vacancy and a neighbouring singly ionizable acceptor (7).
Similarly the 12 line in the emission spectra of ZnSe
crystals can be explained in the same manner. However
two different 12 lines were observed in undoped crystals
grown in different ways, for example the 4447 R line
appeared in crystals grown in excess zinc, while the line
appeared at 4442 ® in flow run crystals. This is similar
to that observed at 4440 % in the chlorine doped crystals.
These differences are difficult to explain but it may be
that the line at 4447 R is associated with a native donor,
either a zinc inﬁerstitial or a selenium vacancy, while
the lines at 4440 and 4442 R are evidence of chlorine
donors either as chlorine in isolation or in the same
donor complex;

A study of the temperature dependence of the inten-
sitieé of the 6bserved three S series of bands of ali
the crystals, has permitted a careful and unambiguous
identification of the donor centres. The donor binding
energies were determined by adding a Coulombic energy

correction and only small differences (of the order of
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3 meV) were found in the resultant binding energies. The
conclusion is that one donor level is common to all undoped
ZnSe crystals and that it is situated about 32 meV below
the conduction band. In contrast slightly different donor
levels are found in Al, In, Cl and Li doped crystals. The
donor binding energies for the first three vary from the

27 to 29 meV. The lithium doped samples contain two sets
of donors with binding energles of 23 and.32 meV. Native
donors only were found in the copper doped samples.

The observation of the very intense I, line in many

2
of the undoped and some doped crystals indicates the

.presence of many neutral donors but it is difficult to

determine whether the same donor is associated with the pair

- band emission. However, it is reasonable to suggest that

native defects such as a selenium vacancy are responéible
for the donor with an ionization energy of 32 meV in the

undoped crystals.

8.4 Deep Centre Luminescence

The deliberate introduction of particular impurities
in the crystals gave rise to several closely netghbouring
red, yellow and green Bands with energies well below that
of the band gap. The origin of these.bands was investigated
and as a result the red and yellow broad bands ét 6230,
5960, 5890 and 5830 R are identified as the emission
characteristic of al, Iﬁ, Cl and Ga impurities. Green
bands with maxima between 5470 to 5490 8 were also observed
in samples doped with group III and VII impurity elements.

However these green bands together with that observed
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about 5560 R in undoped crystals grown in excess selenium
probably indicate the pfesence of zinc vacancies, so that
the self-activated emission at about 5500 Rhmay be explained
in terms of a transition in which a free electron in the
conduction band recombines with a hole at a zinc vacancy
acceptor. Copper doped crystals exhibited a green band

at 5290, together with a red one at 6250 2. These have
been attributed to substitutional cu™ and cu’. Further-
ﬁore manganese impurity emission was observed with a

maximum between 6040 and 6060 R under the U.V. excitation.

8.5 ‘Suggestions for further work

The studies described in this thesis go some way
in helping to understand the luminescent transitions which
occur in ZnSe. However, further experimental work is
necessary before all the processes can be clarified. For
example the important discrete pair lines and two electron
transitions which have been observed at the Bell Telephone
Laboratories (3,4,8) have not been observed in our crystals,
probably because these lines need much more intense excita-
tion, i.e. with an argon ion laser, for their observation.v
In addition accurate values of the ionization energies of
the donors involved in the distant pair emission can only
be obtained.by using time resolved speétroscopy. In the
present work £he calculated magnitude of the Coulombic
éorrection term'is subject to substantial error. For
this reason it would be interesting to repeat the measure-
ments described heré using laser excitation and the

techniques of time resolved spectroscopy. Furthermore
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the effect of irradiation with high ehergy electrons on
the péir bands could be studied with advantage. This
should allow one to determine unambiguously whether prefer-
ential pairing occurs in crystals grown in excess selenium.
It might also be helpful to look for Anti-Stokes
procesées which would provide additional information about
the location of levels within the band gap. With better
resolution the I1 and I2 lines may be resolved into more
components and then Zeeman studies would be essential if
the various exciton lines were to be pésitively identified.
It may also be possible to obéerve differences in the
Zeeman splitting of an exciton line according to which
dopant element is associated with the complex to which

the exciton is bound.
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