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Abstract
The nature of excitonic localisation in binary, ternary and quaternary wide-bandgap
n -V I and

m-V semiconductor alloys has been investigated using photoluminescence,

resonant vibrational Raman scattering and spin-flip Raman scattering spectroscopies.
Despite the importance of wide-bandgap alloys in optoelectronic applications, details
o f their microstructure, doping and bandstructure remain incompletely understood. In
this study doping and compensation issues have been examined in the binary alloy
ZnSe and the magnetic field dependent behaviour o f electrons and holes bound to
neutral impurity centres has been established. In ternary alloys the sensitivity of the
hole to strain was exploited to identify unambiguously simultaneously observed
electron and hole signals. Modelling the anisotropic hole dependence on the magnetic
field direction enabled the residual strain in lattice-matched epilayers to be precisely
determined, together with impurity related bandstructure parameters.

The k p

approximation was applied successfully to the alloy systems and employed
throughout the study in the interpretation of the spectroscopic results, thus providing
an important test of the bandstructure theory.
dependence

o f the

electron

gyromagnetic

ratio

The predicted compositional
was

satisfactory,

enabling

discrimination between different sets o f bandstructure parameters published in the
literature. However, as with other semiconductors the hole dependence proved more
problematic.

Magneto-optical measurements revealed evidence of excitons weakly

localised by potential fluctuations.

Modelling these results with a suitable

Hamiltonian enabled the electron-hole exchange interaction to be determined.
Significantly, analogous results were obtained in both ZnMgSSe and AlGalnP
quaternary alloy systems, inferring that the behaviour is a general feature of
disordered alloys. Further, in MBE-grown AlGalnP the exchange splitting was found
to be linearly dependent on the degree of localisation, implying the existence of an
excitonic mobility edge.

A simple model accounting for this linear dependence

required a two-dimensional confining potential; this may therefore be related to
excitonic localisation at rdisc-like antiphase boundaries previously reported for
AlGalnP, although further work is required to investigate this possibility.
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Preface
Improvement in epitaxial growth techniques during the latter part of the last century
heralded a renaissance in semiconductor physics. The advent of techniques such as
Molecular Beam Epitaxy (MBE) and Metal Organic Vapour Phase Epitaxy
(MOVPE), capable of delivering high purity, high quality crystalline epitaxial
material with unprecedented control of interfaces and doping, precipitated rapid
progress in both the industrial application and the fundamental physics of
semiconductors.

Previous to this most effort had been channelled into the

understanding o f binary semiconductors; however, it became clear that ternary and
quaternary alloys had much to offer in terms of both practical device application and
fundamental research. Wide-bandgap semiconductor alloys are of central importance
to the development of light-emitting devices, in the visible spectral region, for
optoelectronic application. This investigation is primarily focused on the nature of
exciton localisation in wide-bandgap semiconductor alloys, which predominantly
occurs due to the presence of neutral impurities centres or via potential fluctuation
introduced by isovalent impurities. To achieve this, two wide-bandgap semiconductor
material systems are investigated: ZnSe-based alloys, including ZnSe as a binary
semiconductor, and phosphide-based alloys. Wide-bandgap semiconductors are
attracting enormous technological interest both because of their potential use in
devices capable o f operating at high power level and high temperature and because of
considerable technological importance of optical materials active in the visible
spectral range. In the blue-green region II-VI ZnSe-based semiconductor alloys are
among the most promising materials for fabrication of short wavelength devices,
whilst phosphide-based alloys offer the largest direct bandgap of the III-V
semiconductor and are capable o f operating in the green-red region.
The electrical characteristics o f a semiconductor have a direct bearing on device
performance.

The electrical properties of semiconductors are controlled by small

amounts of impurity atoms introduced during growth or by post-growth treatment.
These impurities form shallow impurity levels in the forbidden gap either just below
the conduction-band or just above the valence-band.

Thermal ionization of these

centres promotes electrons or holes respectively into the conduction or valence bands.

These promoted charge carriers dramatically alter electrical conductivity,

rendering semi-insulating material into either majority electron or hole carrier,
respectively denoted n or p-type. In recent years controlled carrier concentrations in

the range 1015 to 1019 cm*3 have readily been achieved using MBE and MOVPE for
optimal growth conditions.

Materials containing both donor and acceptors are

described as compensated.

Compensation reduces the net affective carrier

concentration. Compensating centres may be deliberately introduced, for example, in
the production of high resistance material, may inadvertently be incorporated or self
compensation may take place. In an effort to better understand the doping process
growers may intentionally introduce compensating centres, this is known as co
doping, to assist in the study of compensation. Compensation is an important issue in
semiconductor physics and occurs to a lesser or greater extent in all the materials
investigated in this thesis.
High quality binary material is characterized by narrow excitonic features, just
beneath the fundamental band-edge. Among the wide-bandgap II-VI materials ZnSe
has been one of the most extensively studied in the past.

However, difficulty in

controlling the conductivity by doping with donor and acceptor impurities has
presented a serious obstacle to the use of ZnSe in commercially viable devices. ZnSe
has been beset by compensation difficulties. Donor self-compensation was an early
issue, however, this problem was largely resolved with the introduction of MBE and
MOVPE growth techniques, which feature low-temperature non-equilibrium growth.
As a result n-type doping has reached acceptable levels for device fabrication,
however, p-type doping remains problematic. Of the potential candidates for p-type
dopants in ZnSe only nitrogen has yielded sufficient doping levels for utilization in
laser technology. However, this is not without difficulty, since the effective nitrogen
acceptor concentration saturates due to an efficient self-compensation process. The
limited success o f the alternative p-type dopants is not fully understood.
Alloys offer a tunable range of bandgaps, coupled with the ability of lattice matching
to commercially viable semiconductor substrates.

These properties are extremely

desirable for device application. In comparison to binary semiconductors alloys have
received much less attention and little is known about the compositional dependence
of their fundamental parameters.

The behaviour o f the alloys differs significantly

from that of their binary constituents. The presence o f isovalent impurities drastically
changes the radiative recombination processes, resulting in a pronounced broadening
of the excitonic emission bands observed in the luminescence spectra and the
smearing of the band-edge density of states. These phenomena have been attributed
to the radiative recombination of excitons localized by potential fluctuations caused

by compositional variations. A further departure is the propensity of alloys to exhibit
spontaneous long and short-range order. The properties of ordered systems are of
fundamental interest and also have important consequences on device performance.
Long-range ordering reduces the bandgap and therefore must be avoided in the
production o f the shortest wavelength devices. Furthermore, partial ordering results
in structural inhomogeneities which has a detrimental effect on device performance.
Conversely, long-range ordering offers the attractive possibility of producing
herterostructures without changing the composition during growth and the
introduction of polarization anisotropy, that results from the reduced symmetry o f the
naturally formed superlattices, may lead to polarization sensitive optical devices. The
phenomenon o f short-range ordering has received little attention and its effects on the
alloy bandstructure is not well understood.
Ultimately, the materials examined will form integral parts o f functional devices. It is
therefore essential to have some familiarity with the fundamentals of optical device
operation.

Material and physical requirements

impose stringent restrictionson the

fabrication

o f semiconductor devices. Unlike

conventional lasers, in which the

transitions

occur between

discrete energy levels,

optical transitions

within

semiconductor lasers are primarily determined by the band properties of the material.
A semiconductor laser is, in essence, a p-n junction diode in which optical radiation is
produced by the injection of minority carriers into an active region, where radiative
recombination takes place. The emitted light is confined and guided by the structure
of the junction itself, which functions as a dielectric waveguide.

The fundamental

requirements are for the use of direct bandgap semiconductors in which a sufficiently
large number of minority carriers can be generated, such that the number of
stimulated

photons exceeds the number absorbed and optical gain occurs.

Furthermore, since the frequency of emission is determined by the bandgap o f the
active region a semiconductor must be chosen that matches the desired operating
frequency required for the device.
device performance.

In practice structured devices greatly improve

The most common configuration is that of the double

heterostructure laser, in which a thin layer of narrower bandgap material is
sandwiched between a wider bandgap material.

The inner layer forms the active

region, whilst the outer layers provide the confining or cladding layer.

The

heterostructure laser has a low threshold current density at room temperature, because
of the carrier confinement provided by the energy barriers of the higher bandgap

semiconductors surrounding the active region, and the optical confinement provided
by the abrupt reduction o f the refractive index outside the active region provide
efficient waveguiding. In addition the active region can be made smaller than the
diffusion length o f the injected carrier, thereby obtaining a more uniform gain.
Further carrier confinement may be achieved by the incorporation of a quantum well
into the active region. The structural integrity of the device is usually provided by a
high quality binary semiconductor substrate. Upon this substrate successive epitaxial
layers, with different alloy compositions and doping levels, are deposited to form the
device.

To avoid degradation in device performance, due to interface traps, it is

essential that the epilayer and substrate are lattice matched.

One of the most

important problems connected with the growth of quantum well heterostructures is the
structural disorder at the interfaces of the heterostructures, which includes interface
roughness and interfacial alloying.

Such structural disorder has significant adverse

effects on the device performance.
Characterization o f the material and device structures produced using epitaxial growth
techniques provided essential information for both the refinement and deeper
understanding of the growth techniques themselves, as well as, being instrumental in
basic research and industrial process management.

Optical characterization

embracing techniques, such as: photoluminescence (PL), photoreflectivity (PR),
photoluminescence excitation (PLE), vibrational Raman spectroscopy, optically
detected magnetic resonance (ODMR), spin-flip Raman scattering (SFRS) and
infrared (i.r) spectroscopy, provide nondestructive contactless measurements. These
techniques have received wide application in the study of semiconductors and in the
semiconductor industry. As previously stated this thesis is primarily concerned with
the issue o f excitonic localisation.

Several methods have been employed to

investigate exciton localisation, the most direct being PL and PLE. However, in many
alloy systems the potential fluctuations responsible for localisation lead to
considerable inhomogeneous broadening of the PL and PLE spectral features.
Furthermore, in the study of excitonic systems magneto-optical measurements are
very powerful, because in a magnetic field all the degenerate levels split into
sublevels, each with its own characteristic oscillator strength and polarization. SFRS,
the principal investigative technique employed in this work is capable of obtaining the
important magnetic field dependent information, that is of direct relevance to the
understanding of excitonic transitions, on a finer level than the inhomogeneously

broadened PL and PLE linewidth. SFRS has been applied with considerable success
in binary materials and is particularly well suited to the study of excitonic features,
since the scattering intensity is strongly enhanced in a small spectral range
corresponding to the excitonic transition under investigation and direct measurement
of the gyromagnetic ratio assists in the identification of the centre, thus enabling
fundamental bandstructure parameters to be readily determined.

Moreover, the

technique is extremely sensitive to small strains and, in terms of optical spectroscopy,
is in a unique position to determine the strain state o f the alloy systems, for which the
strain is expected to be small. Thus SFRS is expected to be well suited to the study of
excitonic localisation in binary, ternary and quaternary alloy systems.
The thesis is constructed around the excitation probed, rather than material-bymaterial, since it is felt that this emphasizes the universality of the phenomena
investigated, as opposed to highlighting specific differences between individual
semiconductors.
conclusion.

The thesis consists of five chapters followed by an overall

The first chapter introduces the theoretical background necessary to

understand the magneto-optical measurements performed.

The second chapter

provides the reader with details of the experimental procedures and equipment. The
experimental results and their interpretation are given in the last three chapters;
dealing in turn with electron, hole and excitonic related excitation.

Each of the

experimental result chapters are subdivided into sections, which deal with pertinent
material or excitation related issues; a summary concludes each section. Finally, there
is an overall conclusion. Four appendices are included. The first two appendices give
group tables and sample details.

In the two remaining appendices additional

experimental results are presented that could not be satisfactorily accommodated in
the main body o f the thesis.
quaternary

phosphide-based

These are the vibrational Raman spectra for the
material

and

an

measurements on bulk lithium doped ZnSe crystals.

intriguing

set

of

incomplete

C h a p te r 1

The purpose of this first chapter is to introduce the key concepts in the physics of
semiconductor solid solutions and to provide the necessary theoretical framework
required to interpret the spectroscopic results presented in the remainder o f the thesis.
The chapter is divided into three subsections.

The relevant crystal structures,

micro structures and electronic bandstructure are discussed in the first section. In the
second section the principal theoretical methods and interactions necessary for the
interpretation of the magneto-optical measurements are identified and developed In
the final section Raman spectroscopy is discussed, with particular emphasis being
placed on spin-flip Raman scattering and the appropriate selection rules for imparity
bound excitons.

1.1.1 Structural properties
Most binary semiconductor compounds crystallize at ambient conditions in the zincblende

structure.

The zinc-blende

structure,

figure

1.1,

consists

of two

interpenetrating face-centred cubic (fee) sublattices displaced from each other by onequarter body diagonal. The cations (metal atoms) are located on one sublattice, whilst
the anions (non-metal atoms) occupy sites on the other sublattice.

The local

symmetry of each ion in the zinc-blende lattice is tetrahedral, that is, with the ion of
one sublattice situated at the centre of a tetrahedron composed of four equidistant
nearest neighbours from the other sublattice.

The zinc-blende crystal is therefore

invariant under the symmetry operations o f the Td point group, appendix A. Figure

Figure 1.1 Zinc-blende crystal structure, where
a is the lattice constant1.

Figure 1.2 Crystal structure of CuPt-type
ordered m aterial2

1

1.2 shows the CuPt-type crystal structure, important in many ordered III-V alloys. The
CuPt structure has the reduced point group symmetry CV3 Binary compounds alone offer only a limited range of material properties, such as,
bandgaps and lattice parameters, see points in figure 1.3.

For technological

applications, however, properties intermediate to those offered by individual binary
compounds are often sought.

The traditional way of achieving these desired

intermediate properties has been to form a “solid solution”, composed from two or
more binary compounds. These alloys have material parameters that are intermediate
between those of the constituents, as indicated by the solid lines in figure 1.3.
The ternary and quaternary alloys under consideration in this study are often treated
using the virtual crystal approximation (VCA). The VC A enables material properties
to be interpolated according to a weighted average, of the form &aiioy= x@a + (1 -x)@b,
where A and B are the binary end members, x is the concentration of A and & is a
material parameter, such as, bandgap, atomic potential or lattice constant. The latter
case is known as Vegard’s law3.

Results from extended X-ray absorption fine-

structure spectroscopy (EXAFS)4 reveal that, on a microscopic scale, bond lengths
may deviate considerably from the average virtual crystal bond length. Further, in
disordered GalnP it has been shown5 that the substituted cations tend to retain their
fee arrangement with a VCA lattice constant, whilst the anions tend to arrange
themselves in their local environment to minimize the strain caused by the bond
distortions.

However, measurements of the lattice constant using standard X-ray

diffraction techniques indicate that Vegard’s law is obeyed by most semiconductors
alloys on a macroscopic scale6.

The bandgap variation determined using VCA7

consistently overestimates experimental measurements8. This is because the random
nature of the alloy introduces new physics, not accounted for by the VCA.

The

variation in the bandgap energy with composition can be expressed:
Eo(x) = a + bx + cx(l - x)

(1.1)

where a is the measured bandgap at x = 0 and (<a + b) is the measured bandgap at
x = 1. The bowing parameter c measures the deviation from linearity and represents
the response of the bandstructure to the random chemical distribution and fluctuations
in the lattice spacing. Alternative theoretical approaches, which address the issue of
alloy disorder5,8,9, tend to yield good agreement with experimental values of the
bowing parameter.

2

In a perfect chemically random solid solution anions and cations occupy sites on their
respective sublattices with no correlation to the occupation o f other sites on the
sublattice. For example, in Gao.5 Ino.5P the anion fee sublattice is populated entirely by
P atoms, whilst Ga and In atoms would be located on the cation sublattice randomly.
This perfect chemical randomness implies the complete absence of long and short
range order; however, it does introduce the existence o f potential fluctuations, and
hence band tailing10. Two classes o f macroscopic deviations from randomness are
widely observed in semiconductor alloys11: long and short range atomic ordering.
The latter may result in clustering o f like atoms and is driven by atomic size
mismatch, but is reduced in epitaxially grown material due to the non-equilibrium
growth conditions and the substrate strain11. Long-range atomic ordering is most
prevalent in the III-V alloys examined in this thesis. These alloys exhibit CuPt-type
10
ordering , figure 1.2. CuPt-type ordering is driven by surface reconstruction during
the deposition of the epilayer, rather than bulk thermodynamic effects during
growth11. Further discussion of ordering will take place in section 3.3.

4

3

Energy gap
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Figure 1.3 Plot of lattice parameter against bandgap energy at 300 K. Dashed and solid lines
correspond to X-gap and direct gap transitions.

3

1.1 .2 E lectro n ic b a n d stru ctu re

Excitations within the crystal are completely characterized by their dispersion relation

E(k).

The electronic bandstructure of a semiconductor is principally determined by

the symmetrised nearly-free electron wavefimctions, transforming according to the
irreducible representations of the symmetry group of the crystal. However, the spinorbit interaction and the ionic character of the constituents make significant
contributions to the precise nature of the electronic bandstructure o f individual

t

a

r

*

i

uk

i r

WAVE VECTOR k

Figure 1.4 a) The first Brillouin zone of the fee lattice1. The points of high symmetry are labelled
by Roman letters and the lines connecting these points are labelled with Greek letters. The zone
centre is always denoted by F The calculated electronic bandstructures13 for InP, ZnSe and A1P,
including spin-orbit coupling, are shown respectively in figures b, c and d. The bandstructure
diagrams are labelled using the double group notation, see Appendix A.

4

semiconductors.

Calculated electronic bandstructures for InP, ZnSe and A1P are

shown in figure 1.4, together with the first Brillouin zone of a zinc-blende structure.
The electronic configuration of the isolated atoms from which semiconductors are
composed can be divided into core and valence electrons, with the outermost valence
electrons in either s-type or p-type orbitals. In crystalline solids the discrete energy
levels of isolated atoms form bands; however, these bands retain their s-like and plike character.

The uppermost valence-band is formed from p-like orbitals and is,

therefore, triply degenerate (not including spin), with 7} symmetry. This degeneracy
is partially lifted by the spin-orbit interaction, which splits the valence-band into a
doubly degenerate band with i s symmetry and a spin-split off band with />, similarly
for the conduction-band. The degenerate 7$ valence-bands are characterized by two
effective masses m*, light and heavy hole, determined by the curvature of the bands:
± =± d l l
(1.2)
m' n%cO
c1
Typically, the spin-orbit splitting is comparable to that of the constituent atoms of the
semiconductor, scaling with their atomic number.

In alloys it is predominantly

determined by the anion, reflecting the larger influence of the anion on the p-like
valence-band states, see table 1.1 below.
Usually, the lowest conduction-band is formed from s-like orbitals and has 7)
symmetry or in the double notation /Jy, if spin is included.

In practically all

semiconductors the valence-band maxima are situated at the r point.

If the

conduction-band minimum is also situated at the r point, see figure 1.4 b and c,
momentum can be conserved when light is absorbed or emitted, since the wavevector
of the photon is small compared to that of the electron, and the probability of
transition between the conduction and valence -bands is greatly enhanced.

This is

known as the A:-selection rule, A k = 0. The allowed transitions are then described as
‘direct’ or ‘vertical’. All II-VI alloys have direct bandgap transitions and, with the
exception of A1P, all o f the III-V binary alloys examined in this thesis also have direct
transitions. A1P is an ‘indirect’ material with the conduction-band minimum situated
at the X point, see figure 1.4 d. Therefore, in order to conserve crystal momentum,
phonons or other agents must participate in the scattering process, thus reducing the
transition probability. This leads to a composition dependent direct-indirect transition
in the phosphide-based alloys containing aluminium.

5

1.2.1 The k-p method
The spectroscopic techniques employed in this investigation probe excitations at the r
point. The k-p method enables the bandstructure to be accurately determined about
the high symmetry points and, naturally, being a perturbative method it works best for
small values o f k.

The method requires only a small number of experimentally

determined bandgaps and optical matrix elements and is therefore particularly useful
for interpreting optical spectra. In addition, useful analytical expressions describing
band dispersion, effective masses and effective g-factors may also be obtained.
Following reference [14] the one-electron Schrodinger equation in a periodic potential
Vfr) is given by
"
H Vn(r) =

2

2m

+ V(r) Vn (r ) = En (k) H/„ (r)

(1.3)

where the Bloch solution in the reduced zone scheme is
Vnk(r) = Unk(r) e(<k-r)

(1.4)

n is the band index, k is restricted to the first Brillouin zone, and u„k has the
periodicity o f the lattice.

Remembering that p = -ifiV and substituting y/„k into

equation (1.3) an equation in unk is obtained in the form:
p 2 ftk-p h 2k 2 r t .
H ^ ( r ) = — + ------ + -------+F(r) M»*(r) = F»(k)w„*(r)
2m
m
2m
Once E„o and u„o are known the terms fikp/m and

(1.5)

/ 2 m can be treated as

perturbations in (1.5) using either degenerate or nondegenerate perturbation theory.
The eigenfunctions u„k and the eigenvalues E„k at points neighbouring kQ can be
expanded to typically second-order in k} in terms of the unperturbed wavefunctions
u„o and energies E no by treating the terms involving k in (1.5) as perturbations.
( 1.6 )
YYl ri*n

T?

— ZT

and
h 2 ;2 h 2
En(k) = En0 +^ - k 2+^ - Z
2m
m »’*n

E.a~ E m.a

(1.7)

For small values of k the energy E„k can be expressed as
h2k2

E„(k) = E„o+ — r
2m

( 1.8)
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where m is the effective mass of the band. Comparing equations (1.7) and (1.8), the
following expression for the effective mass is obtained:

_1
m

1
2
m rr?k%H.

(1.9)

E ..-E ...

This expression can be used to calculate the effective mass of a nondegenerate band,
such as, the conduction-band.

The conduction-band effective mass m*c can be

estimated15 including contributions from only the nearest valence-bands
1 E2 '
3m

T *- = \ +

lzjl

m.

<5

*

( 1. 10)
E o + Aoy

where the valence-band maximum is chosen to be the E - 0 eV point. The direct
bandgap transition E q is between the /g valence-band, the
spin-orbit splitting

Aq

r 6

conduction-band and the

is between the /g and /> the valence-bands, see figure 1.4, and

Ep is the energy momentum matrix element, expressed in energy units.

The

bandstructure parameters are given in table 1.1 below. Similar analysis results in an
1£

1£

analogous expression to (1.8) for the effective gyromagnetic ratio
g c

go

^ ^

1

^

( Wn0 \k * • P j ^ r i O ) ( Mn '0 \ k y P ^ U nO ) ~ ( Wn

imn

E„ o

0

)

(

M/f' 0 \^ x •

^

^ ^

E rio

152
which yields the following three-band approximation o f the effective g-factor :
Sc

_ i _

Ep_

So

f \

1

\E o

Eo + AoJ

'

( 1.12)

where go(= 2.0023) is the gyromagnetic ratio for the free electron. This expression
provides reasonable estimates for the g-value of ternary alloy Gao.52 Ino.4 sP, 160,
which compares favourably to the experimentally obtain 1.62 ± 0.00519 and 1.66 ±
0.0520, given the limited knowledge of their bandstructure parameters.

However,

greater accuracy can be achieved in describing ZnSe and ZnS, because of a better
knowledge of their bandstructure parameters, using expression (1.13) below.
ZnSe

ZnS

InP

GaP

A1P

E o /e V

2.82

3.78

1.43

2.87

3.63

A o /eV

0.42

0.074

0.108

0.08

0.07

E p le V

24.3

15.3

20.4

22.2

17.7

m*

0.108

0.2

0.067(0.073)

0.12(0.15)

0.17(0.22)

1.86
1.94
1.26(1.12)22 1.95(1.89)23 1.33(1.20)24
gc
Table 1.1 Low temperature bandstructure parameters13’^1. The results of three-band k-p calculation for
mcmand gc obtained using expressions (1.10) and (1.12), the measured values are given in parenthesis.
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The influence of the more remote bands can be accounted for by extending the
previous analysis to a five-band third-order k p approximation. This is done so using
f* c

the following expression :
' 1

8c_

1

^

Eo + Ao

g0

1

Ep

(1.13)

+ C'
-*oJ

+

2
9

tJ

E

p

E

p

'

A

E (Tc
7) - E 0

2

+
E o

E

>

0 + A0y

The first term is derived from a three-band k-p approximation18 in which only the
mixing of the r £ conduction-band and the 7gv and /> v valence-bands are considered.
Subsequent refinements have led to the inclusion o f the more remote r£ and r f
conduction-bands in a five-band model17, resulting in the second term, and the
introduction of the off-diagonal spin-orbit coupling term A arising through third-order
perturbation, yielding the third term25,26.

E = 0

Figure 1.5 Schematic representation of the zone centre conduction and valence -band states
required in the five-band k-p model, compare with figure 1.4 b and c. The notation is according to
reference [27].

The above third-order model, equation (1.13), in conjunction with the parameters
listed in table 1.2 predicts a value of gznSe = 112, in good agreement with the
experimentally determined value, see table 1.1. Therefore, the above expression is
expected to be useful in the interpretation of SFRS spectra from II-VI alloys.
Eo

Ep

E ’p

EOT5)

E(IY)

Ao

A'

ZnSe

2.82

24.27

9.826

7.33

7.42

0.42

-0.046

ZnS

3.78

15.28

6.702

5.7

5.774

0.074

0.012

Table 1.2 Band parameters for bulk ZnSe and ZnS. All parameters expressed in eV.
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1.2.2 Spin-orbit interaction
The similarity o f the valence-band wavefunctions at the zone centre to atomic pwavefunctions may be utilized in order to symmetrise the valence-band states with
spin-orbit coupling included.

The orbital angular momentum I is coupled to the

electron spin s via the spin-orbit interaction. Since the valence-band wavefunctions
are p-like (/=1) at the zone centre they are strongly influenced by the spin-orbit
interaction.

The wavefunctions X, Y and Z transform as atomic p-wavefunctions

under the operations of the group Oh at the /"point. The electron spin is 1/2 and the
spin wavefunctions are denoted by a and p corresponding to spin-up and spin-down,
respectively.

The spin-orbit Hamiltonian may be expressed in terms of /, s and a

scaling parameter 1:
Hso = M*s

(1.14)

The total angular momentum J = I + s, where the allowed values of J are 3/2 and 1/2.
Expressing the wavefunctions in the J basis

J>m j) enables the valence-band

Hamiltonian to be diagonalised with the spin-orbit interaction included.

|3 /2 ,3 /2 ) = l/V 2 |(jf+ iT )a )

|3 /2 ,1/2) = l/ S \ { X + i Y ) p - 2 Z a )
(1.15)

\3 /2 ,-l/2 ) = l/S \{ X - iY ) a + 2 Z p )
|3 /2 ,-3 /2 ) = - l / S \ ( X - i ¥ ) p )

|l/2 ,1/2) = l/S \(X + iY )p + Z a )
|l/2, -1 /2 ) = l / S \ ( X - i Y ) a - Zfi)

r,

(1.16)

The spin-orbit interaction splits the j = 3/2 (Ts) states from the j = 1/2 (/}) valencebands states.

The spin-orbit splitting Ao is equal to 3 A/2.

The conduction-band

wavefunctions transform as atomic s-wavefiinctions and may be represented as
follows
|l/2 ,l/2 ) = |Sa)

\l/2 ,- l/2 ) = i\S0)

(1.17)
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1.2.2 Valence-band dispersion
In order to understand the optical band-edge phenomena examined in this thesis it is
essential to describe correctly both the conduction and valence -band minima.

As

seen in the previous section the conduction-band dispersion can successfully be
accounted for using k p theory.

However, the application of this method to the

warped energy surfaces of the degenerate valence-band presented a greater theoretical
challenge. It transpires that the valence-band dispersion can successfully be described
using an effective k-p Hamiltonian, involving five linearly independent parameters.
These Luttinger parameters enable the effective masses of the valence-band to be
determined through yi and Y2, and the warping of the valence-bands can be related to
y 3. A further two parameters, k and q, are required to describe the interaction of the
valence-band with the magnetic field, these will be discussed in section 1.2.5.
For large spin-orbit coupling the fourfold degenerate Fs band-edge states may be
considered separately from the spin-split off band />. The dispersion near the / ’point
for the JTg band is described by the Luttinger Hamiltonian29

nL= m

Yi +

5Y l\ e

(1.18)

where yj, Y2 and Y3 are the Kohn-Luttinger parameters, J is the angular momentum
operator for J = 3/2 and {Ji,Jj} = (JjJj + JjJi)/2 . The Luttinger Hamiltonian can be
written in the 4x4 matrix form in the basis (|3/2>, 11/2), -|l/2), -|3/2))T:
F

H

R

0

n2 H'

G

0

R

G

-H

-H*

F

B l = 2m R * 0
0 R'

"

(1.19)

where F, G, H and R can be expressed in terms of yj, Y2 and y$, such that:

F = ( n + ri) f e + t f) +G'i - 2ri)k)
G = (ri - r 2) {kl + $ + {yx+ 2Yz)kl

H = - 2/V3 y i (kx~iky)kz

R = fi[ ( k l- k i) - 2 iy 2kxky]
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1.2.4 Strain interaction
Strain directly affects the electronic bandstructure of semiconductors by altering the
atomic spacing and thereby modifying the atomic potential felt by the electrons.
Strain is invariably introduced into heteroepitaxial grown material, even in lattice
matched systems.

Since the spectroscopic results obtained from heteroepitaxial

material are presented in this work, strain is expected to be of direct relevance in the
interpretation o f the spectra. It is therefore essential to understand in some detail the
influence of strain on the conduction and valence -bands.
It has long since been established30 that epitaxial growth of a material whose lattice
constant is close, but not equal, to the lattice constant of the substrate material can
result in the coherent incorporation of strain into the epilayer, such that, the in-plane
lattice constant of the epilayer cil matches that of the substrate as. This is known as
pseudomorphic growth. Heteroepitaxial growth frequently leads o f the incorporation
of biaxial strain in the epilayer. The biaxial strain in zinc-blende material lowers the
crystal symmetry from Td to D 2d, altering the bandgap and splitting the light and
heavy hole states. For cubic material with no torsion the biaxial strain in the plane of
the epilayer £|| is given by31,32
£ ,= £ * = £ „ = ^ — 1—
aL
and with a free surface the strain 8_l in the (001) growth direction is

(1-21)

8 l = -E||/ ct

(1-22)

where a is Poisson’s ratio, equal to the ratio of the stiffness constants Cn/2ci2.
The effect of strain on the

band extremum can be expressed by the Bir-Pikus strain

Hamiltonian33
H*. =- a X£ „
i

-*■ /’) -2 /V 5 d Z s ^ J ^ j )
i

(1.23)

U
i*J

with £ij the strain-tensor components ( ij = x,y,z).

The hydrostatic deformation

potential a, the shear deformation potentials b and d, correspond to strain-tensors with
/ ) , /} and / j symmetries, respectively. The matrix form of Hbp differs from that of
the 4x4 H l matrix in the replacement of F by f, G by g, H by h and R by r, such that34:
E zz

^ i ^ £ xx ~^~ £ y y }

§

xx ~^~ £ yy ~^~ £ z z }

b

S zz

^

(1.24)
h = -d (e xz- i e yz)

r = — b(e)y- £ xx)+idexy
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The 4x4 strain Hamiltonian for the valence-band may be simplified considerably in
the presence of a biaxial strain. The strain Hamiltonian may be rewritten in terms of
the elastic stiffness constants cu and c n in the simplified form, in the */, mj ^ basis:

rf
H=

0

0

g'

0 0^1
0 0

0

0 g' 0

0

0

(1.25)

0 /'

where
r
/ ’=

2a

C ii

Ct,

\

f
2a

+b

Ci, c.

\
-b

'cC , , +
T Z2
. lc
.,2 '

(1.26)

The hydrostatic deformation potential a of the in-plane strain alters the distance
between the valence-band states and the conduction-band, whilst the shear
deformation potential b separates the light-hole band (mj = 1/2) from the heavy-hole
band (mj = 3/2) with respect to the centre of gravity of the /$ band.

In biaxial

compression the bandgap increases and the heavy-hole states are the highest lying
states, whilst in biaxial tension the bandgap is reduced and the light-hole states
become the highest. The r 6 conduction-band strain Hamiltonian is given by
H =

* A

u

(1.2?)

indicating that the conduction-band states are not split by strain, but are raised in
energy by compression and lowered by tension. Figure 1.6 shows schematically the
effect of biaxial strain on the bandstructure at the r point for a zinc-blende type
crystal.

r7
compression

unstrained

tension

Figure 1.6 Schematic representation of the effects of in-plane biaxial strain on the electronic
bandstructure at the /"point of a zinc-blende semiconductor grown in the (001) direction.
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Three factors determine the net biaxial strain experienced by the epilayer in
heteroepitaxy: i) the lattice mismatch between the substrate and epilayer; ii) the
difference in their respective coefficients of thermal expansion cr, and iii) the
thickness of the epilayer.

GaAs

ZnSe

InP

GaP

A1P

5.835

6.835

4.7536

4.9837

4.538

A

5.6533

5.6693

5.8687

5.4506

5.4672

Elastic stiffiiess

Cll

11.81

8.88

10.22

14.12

13.2

/1011 dyn cm'2

CJ2

5.32

5.27

5.76

6.253

6.30

ar/x l0 6 K‘l
Lattice constant /

Figure 1.3 Parameters required for strain calculations.
otherwise stated. All values at 300 K.

Obtained from reference [13] unless

In the case of a ZnSe epilayer on a GaAs substrate the lattice mismatch is
comparatively small, see figure 1.3, and introduces a compressive biaxial strain of
-0.28 % at room temperature. This is counteracted by a tensile strain induced by the
difference in thermal contraction of the epilayer and substrate on cooling the sample
from the growth temperature, since aznSe is larger than

oq&
as

the ZnSe epilayer

contracts more. The lattice mismatch induced strain is constant until a certain critical
thickness hc is reached39. Beyond hc misfit dislocations are formed, increasing in
density, until the epilayer becomes completely relaxed, with only the thermally
induced strain remaining. Thus, a ZnSe epilayer on a GaAs exhibits the full range of
strain states, depending on the layer thickness and the temperature at which the
measurements are performed.

Thinner layers tend to be dominated by the

compressive biaxial lattice mismatch strain and therefore the heavy-hole states are
highest, whilst thicker layers are dominated by biaxial tensile strain induced due to the
difference in thermal expansion coefficients and therefore the light-hole states are
highest.

Experimental findings concerning the strain states of ZnSe epilayers on

GaAs substrates are reported in section 4.2.
The strain state of the AlGalnP material examined in this work is somewhat simpler
to determine.

The composition of the AlGalnP alloys were chosen to be latticed

matched at the growth temperature and therefore the strain induced is due to the
difference in the thermal expansion coefficients between the GaAs substrate and the
AlGalnP epilayer. The GaAs substrate is expected to contract more than the AlGalnP
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epilayer, producing a net biaxial compression of the AlGalnP epilayer.

Thus, the

heavy-hole band is most significant in terms of the optical characteristics of the
phosphide-based material deposited on GaAs substrates.
\

1.2.5 Zeeman interaction
To interpret the magneto-optical spectra it is essential to understand the interaction of
the conduction and valence -bands with the magnetic field.

In the presence of a

magnetic field B the spin degeneracy of the electronic bands are lifted. This is known
as the Zeeman effect.

For the s = 1/2 spin states of the /$ conduction-band the

Zeeman Hamiltonian is simply given by
H c = gMB s *B

(1.27)

However, the spin Hamiltonian describing the fourfold degenerate

valence-band

for free holes is more complicated29
+

(1.28

where jub is the Bohr magneton, k and q are the dimensionless spin Hamiltonian
parameter, the B;s are the components of the magnetic field and the JtS are the 4x4
spin matrices, with the z direction perpendicular to the growth plane, typically in the
(001) direction. The coefficient q is small33, therefore, to a first approximation Hv is
independent of the magnetic field direction and the hole g-factor

gh

— 2k.

To

determine the Zeeman splitting o f the degenerate acceptor impurity levels k and q are
replaced by their respective acceptor valence-band counterparts k

and q .

The

constant q is not necessarily small and the Zeeman splitting of the acceptor centre
may become anisotropic with respect to the magnetic field direction. The anisotropic
effects introduced by the strain Hamiltonian and by y will be examined in more detail
in section 4.2.

1.2.6 Excitonic interaction
The promotion of an electron from a fully occupied valence-band to the conductionband creates a vacant state in the valence-band. This vacant state may be treated as a
positively charged quasi-particle, known as a hole.

The electron and hole may be

bound together through their mutual coulombic attraction, forming an electron-hole
pair or exciton40. The exciton may be treated within the framework of the effective
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mass approximation using the hydrogenic model.

The surrounding medium

significantly affects the exciton and is accounted for by the inclusion of the
macroscopic dielectric constant e and the effective masses of the electron me* and hole
irih . The resultant exciton binding energy Eb is therefore considerably reduced from
that o f the hydrogenic Rydberg (Ry = 13.6 eV)41:
H 1 Ry
(1.29)
mn e 2 n 2
here n is the principal quantum number and the reduced mass /n is given by

Et =

1/fj, = l/m e* +l/mh*. The excitonic Bohr radius a* is correspondingly increased by:

• m0
(1.30)
a =— £ 0 ,
M
and may be as much as two orders of magnitude larger than the lattice constant;
justifying the use of the macroscopic dielectric constant.
The cubic exchange Hamiltonian describing the eightfold degenerate ls-exciton state,
arising form the

conduction-band and the 7g valence-band, with a vanishingly

small exciton translational wavevector is given by42:
Htxeh = S 0 +8 \ J ' S +

(1.31

where So, Sj and 82 are coupling parameters. The magnitude of the exchange splitting
Sj depends on the overlap between the electron and hole wavefunctions and, hence,
increases as the intra-pair separation decreases.

The angular momentum of the

electron (s= 1/2) and hole (7=3/2) combine to form states with total exciton angular
momentum F = s + J, such that, F = 1 and F = 2. Writing the states in the exciton
basis:

z,|

| F,mp) =

0-32

This basis diagonalizes the Sj exchange interaction into an 8x8 matrix.
2 ,2 )= \b

t)

(1.33

2 ,i) = # M K I f> - 0
2'°) =

+

F =2

2 - l) = T '|- J.- 2')+ l |- 2>2)
2 -2 ) = | - f , - i )

|U ) -

i ) - ! 12 . i )

M )= ;/rlW )-;k K ± )

F =1

(1.34)

|W > — 4 |- f .t ) + i|- + .- i)
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The electron and hole belong to the representations /$ and 7g, respectively.
direct product /$ 0 Fs gives /} 0 Ft 0 /}.

The

The threefold degenerate F = 1

corresponds to 7 j representation, while F = 2 belongs to a reducible representation
0 r 4. This reducible representation may be further split by the exchange interaction
8 2 1 or the crystal-field interaction43.

The transition from the F = 1 states to the F = 0 ground states are electric-dipole
allowed, whereas transitions from the F = 2 states are forbidden. However, these
ideal selection rules breakdown in the presence of additional perturbations, such as the
application o f an external magnetic field or the introduction of impurities or defects.
In the absence of an external magnetic field the oscillator strength of the F = 2 states
is zero; however, the oscillator strength increases quadratically42 with the application
of the field, due to the mixing o f the states, until saturation is reached.

These

selection rules are appropriate for describing weakly localised excitons and therefore
have an important bearing on the interpretation of the spectroscopic results presented
in chapter 5.

1.3.1 Raman scattering
Raman spectroscopy encompasses a variety of specialised techniques involving
several different types of excitation, however, central to all is the inelastic interaction
of light and matter.

In this section the subject o f Raman spectroscopy is initially

introduced by the familiar case of vibrational excitation. The discussion will then be
extended to the principal investigative technique employed in this study, namely,
spin-flip Raman scattering (SFRS).

Finally, appropriate selection rules will be

determined for the spin-flip of carriers bound to neutral impurity centres.
Light incident on the surface o f a semiconductor is almost entirely transmitted,
reflected or absorbed. There is no change in the frequency of the scattered photons
associated with these interactions. However, a minute fraction of the incident photons
suffer inelastic interactions within the crystal. These interactions produce scattered
photons whose frequencies differ slightly from those of the incident photons. These
inelastic interactions of the crystal with light have become collectively known as
Raman scattering.
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The most commonly regarded form of Raman scattering involves the inelastic
scattering o f a photon by the creation or annihilation o f a phonon44,45. This effect was
discovered by C. V. Raman in 192846 and the phenomenon bears his name today. The
effect is made possible due to the strain dependence of the electronic polarisability.
Thermal vibrations of the atoms lead to the modulation of the electric field associated
with their binding. This changes the local polarisation within the crystal and results in
the frequency modulation o f the incident light.

Assuming the polarisability,

77,

associated with the phonon mode may be written in terms of the phonon amplitude,

u,

as a power series1:
7=

T]0 + rjju

For a phonon with amplitude variation

uft)

=

+

(1.35)

tj2u 2

uq c o s

Q t and an electric field varying as

Eft) = Eo cos cat, the electric-dipole moment is
tjjE oU o c o s

cat cos Q t= V2

TjjEoUo

[ cos (co+

Q )t

+ cos (ca- Q ) t ]

(1.36)

Inelastically scattered light can be emitted with a frequency of ca - Q, known as
Stokes shifted, or co + Q, known as anti-Stokes, corresponding to the emission or
absorption o f a phonon of frequency /2, respectively. From this semi-classical picture
emerge the phonon energy and momentum conservation rules:
CDs = (Di±Q

(1.37)

qs = qt ± K
where

gh and

are the incident and scattered photon frequencies, q, and qs are the

incident and scattered photon wavevectors and Q and K are the phonon frequency and
wavevector, respectively.

1.3.2 Spin-flip Raman scattering
Spin-flip Raman scattering involves the inelastic scattering of light by charge carriers.
During the scattering process the spin orientation o f the charge carrier is reversed.
This may be illustrated by consideration of the spin-flip of an electron bound to a
neutral donor, one of the most frequently observed processes, figure (1.7).

The

application o f a magnetic field lifts the spin degeneracy of the conduction-band. An
electron is optically excited to an intermediate excitonic state and returns to the donor
ground state with the opposite spin. The resultant change in angular momentum is
carried away by the photon.
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Stokes

anti-Stokes

X --------

wv>

w

v - ^
heo.

wv>
h(0 ,

v yh(Oiv >

+ 1/2

Conduction
band

-

B=0

}

1/2

AE

B *0

Figure 1.7 Electron Stokes and anti-Stokes spin-flip processes via an intermediate excitonic state X.
The orientation of the electron spin is indicated by the arrow and the incident and scattered photon
energies are JkOj and ha>s, respectively.

The difference in energy between the incident cos and the scattered oh light, fi(cos - C0j)y
is a direct measure o f the splitting between the states and, therefore, of the Zeeman
energy. The effective gyromagnetic ratio is readily determined from
AE = \g\juzB
where

jub

(1.38)

« 0.4668 cm'1/ T and, more generally, g is the appropriate g-value for the

electrons or holes.

Thus, the splitting of the states, and hence the Raman shift, is

directly proportional to the magnetic field strength B.
Fundamental to the success of the SFRS technique is the strong dependence of the
scattering cross-section on the excitation energy, as this leads to high selectivity and
strong enhancement of the signal intensity. The scattering cross-section for the SFRS
process is given by47:
do _ f i
dQ. J

(Q.
me

(ha>t) 2

—

a), ( E j - h a ? , ) 2 + ( T / 2 ) 2

(1-39)
'

'

h e re ,/is the oscillator strength and /"is a phenomenological damping term. From the
form o f equation (1.39) it is clear that strong resonant enhancement of the spin-flip
signal takes place when foot approaches the energy Ej of the excited state and
optimum enhancement is obtained when the excitation energy coincides precisely
with the excited state on the centre under investigation, in practice to within 1 meV or
less.

The scattering intensity may be increase by several orders of magnitude at

resonance. Exploitation of this resonant enhancement is the motivation for the use of
tuneable excitation sources in the experiments, see section 2.4.
An example o f a SFRS spectrum is shown in figure ( 1 .8 ) below. The figure shows the
electron SFRS in resonance with a neutral donor bound exciton from an MOVPEgrown ZnSe epilayer at

6

Tesla. The central feature is due to the elastically scattered
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laser light, whilst the features shifted from the laser line by +3.2 and -3.2 cm'1 are the
Stokes and anti-Stokes electron SFRS signals, respectively. The g-value determined,
in accordance with equation (1.38), from the magnetic field dependence, figure 1.9, is
1.12 ± 0.03.
4
ZnSe
Voigt
1.5 K
6.0 T

ZnSe
Voigt
1.5 K

3

2

intensity / a.u.

g-value = 1.12 ± 0.03

c

■2
anti-Stokes
signal

laser

■3

Stokes
signal

•4

-6

-4
LecSD sf

■2

0

2

4

6

Raman sh ift/cm '1

Figure 1.8 Electron SFRS in resonance with
donor centre from an MOVPE-grown ZnSe
epilayer.
The central feature is due to
elastically scattered laser light, symmetrically
disposed about this line are the Stokes and antiStokes SFRS signals.

0

1
LecSDVfd

2

3

4

5

6

7

Magnetic field / T

Figure 1.9 The magnetic field dependence of
fitted Stokes(circles) and anti-Stokes(squares)
signals. Effective g-factor determined from the
gradient o f the regression fit (solid line), using
equation (1.34) is 1.12± 0.03.

As shown in section 1.2.1 the magnitude o f the electron gyromagnetic ratio is related
to the band parameters and may be determined through k-p perturbation theory.
However, the three-band term alone has not proved satisfactory in the determination
of gyromagnetic ratio for wide-bandgap II-VI alloys28. The three-band term yields a
g-value for the ZnSe conduction-band of g = 1.26, according to table 1.1, which
differs from the measured g-value by more than the experimental uncertainty.
Therefore, as expected it was essential to consider the contribution from the more
remote bands for the wide-bandgap material ZnSe.
SFRS has been successfully applied to the study of excitonic feature binary material.
The technique has been of particular importance in contributing to the understanding
of doping issues, especially in the case o f p-type ZnSe, where the technique has been
used to

study the compensation process that

limits the effective acceptor

concentration, it was instrumental in the identification of new defect states48 and the
determination of the strain-spin Hamiltonian parameters49.

SFRS has also been

applied to the study of excitons localised at defects, interface roughness and layer
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thickness fluctuations.

Examples include: i) epitaxial ZnSSe and ZnMgSe28; ii)

studies of g-factors, fundamental scattering mechanisms and selection rules for
acceptors-bound

excitons

and

excitons

localised

by

interface

disorder

in

GaAs/AlGaAs quantum wells50,51; iii) the study of electron g-factors anisotropy in
ZnSSe/ZnSe quantum wells52; iv) the determination o f the electron g-factor
anisotropy and its variation with quantum well thickness in the GaAs/AlAs system53;
v) a systematic study of electron, hole and exciton g-factors for quantum well excitons
and different barrier materials in CdTe/CdMgTe quantum wells27; vi) the study of
monolayer insertions in CdSe/ZnSe54,55; vii) excitonic features in quantum dots
formed by Stranski-Krastanov growth in InAs/GaAs56 and InP/InGaP19; and viii)
57

strongly confined excitons at CdS dots m the CdS/glass system . Thus, SFRS has a
proven ability in the investigation of excitonic features in binary and structured
materials; it should therefore be well suited to the study of excitonic features in alloys
discussed in this thesis.

i

1.3.3 SFRS selection rules
The interband transition probability is the product of an optical matrix element and the
density o f states. The interband transition rate is given by Fermi’s golden rule:
- E ‘ +hc° )

(i4o)

where / and i are the transition final and initial states with energies E f and E it
respectively, and H i is the interaction Hamiltonian. It is the matrix element Hi that
determines whether a transition is allowed or forbidden. Thus, the selection rules for
optical transitions can be derived by evaluation of the appropriate electric-dipole
matrix elements.

Within the electric-dipole approximation the momentum matrix

element between the band-edge wavefunctions equations (1.15) and (1.17) is given
by:

K/MOf

(1-41)
By symmetry the only non-vanishing combinations of the spatial part of the matrix
element by are
(X |^ |S ) = ( r|p y|5) = (Z |^,|5)

(1.42)

From this and the orthogonality o f the spin functions a selection rule for component of
the angular

momentum in the direction of the magnetic field m is obtained.

For
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polarizations parallel to the magnetic field, Am = 0 and, for polarizations
perpendicular to the magnetic field, Am = ±1.
In the presence o f a magnetic field light with ^-polarization does not change the
component of angular momentum along the magnetic field direction o f the electronic
states, whereas light o f cr-polarization changes the component of angular momentum
along the direction of the magnetic field by ± 1. The momentum of the particles must
be conserved in the scattering process. The spin components along the magnetic field
direction of the electrons in the initial and final states differ by 1, thus the polarization
state o f the incident and scattered light must be different, either Trand cror a and n.
The selection rules for bound excitonic spin-flip may now be determined. Excitons
bound to either neutral donors (D°X) or acceptors (A°X) form an intermediate state in
the scattering process. In SFRS at D°X, the spins o f the two electrons are aligned
anti-parallel, so the spin levels of the excited state correspond to those o f the hole o f
the exciton. Conversely for A°X SFRS it is the holes that spin pair and the excited
excitonic states are those of the electron. The allowed optical transitions are given in
figure 1.10. Stokes scattering for D°X occurs via transitions 2 —>4 and 3 -> 5, whilst
for A°X it is 2 —> 3 and 4 -» 5. The order of the transitions is reversed for anti-Stokes
scattering.
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Figure 1.10 Allowed optical transitions and polarization states (a and n) for neutral donor and
acceptor bound excitons in the presence o f a finite magnetic field.
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Chapter 2 - Experimental setup
The nature of SFRS imposes stringent requirements on the excitation source and
detection system. In this chapter, details of the experimental Raman systems used in
the undertaking o f this work are given. In addition experimental details of the light
analysis, angle resolved measurements, substrate removal, dyes and fitting procedure
will also be discussed.

Particularly pertinent to the investigation of wide-bandgap

semiconductors examined in this thesis was a tuneable continuous-wave source with
emission spanning, almost, the entire visible spectrum. To take full advantage of the
dramatic enhancement effect that occurs when the laser is in resonance with selected
optical transitions, as discussed in section 1.3.2, requires laser tuneability better than
0.3 meV. A specialized spectrometer with good stray light rejection is essential for
observing Raman signals close to the laser line. Furthermore, low temperatures are
required to avoid ionization of the centres under investigation and, since the Raman
shift o f the signal is often linearly dependent on the strength of the magnetic field and
the intensity o f some signals were field dependent, strong magnetic fields were also
required.

2.1 Experimental system
All the requirements stipulated above were satisfied by the two experimental systems
used during this investigation. The bulk of the spectra presented in this thesis were
obtained using the system presently residing at the University of Bath, whilst the high
field measurements were performed at the Max Planck Institute in Stuttgart.
A schematic view o f the experimental system used in Bath for PL and SFRS studies is
shown in figure 2.1. The system uses a split-coil superconducting magnet1 in which
the sample was immersed in superfluid helium at the nominal temperature of 1.5 K.
The maximum field available was

6

Tesla. Continuous wave excitation in the visible

region was provided by one o f two dye lasers pumped by an argon-ion laser. The
excitation light was passed through a polarizing element before being focused on the
sample, over an area of about 0.25 mm2. The light incident on the sample was in a
quasi-backscattering geometry, see inset. Moderate excitation powers, 10 to 20 mW,
were used to minimize sample heating, whilst ensuring a good signal-to-noise ratio.
Light scattered by the sample was collected by a convex lens and was collimated into
a parallel beam which passed through analysing elements before being focused on the
entrance slit o f the spectrometer.
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Figure 2.1 Schematic representation of the experimental set-up for the spin-flip Raman system used
in Bath. The solid line indicates the beam path, the dashed line shows the data acquisition and
device control system. The component labels are as follows: mirror M, polarizer P, sample S,
analyzer A, motor m and lens L. The inset shows the back-scattering geometry set-up.

The triple grating spectrometer2 consisted of two separately controllable stages; a
subtractive double stage acting as a band pass filter and a dispersive stage. Scattered
light from the sample was dispersed using a spectrometer with a 1800 lines per
millimetre grating and a of focal length one metre and was subsequently detected
using either a cooled charged-coupled device3

(CCD) detector or a GaAs

photomultiplier photon counting system. The limit o f resolution of the CCD detector
was determined by the pixel size and was ~0.5 cm' 1 and 0.2 cm' 1 respectively, in the
blue and red spectral region. This could be improved to 0.3 cm' 1 for wavelengths less
than 450 nm if the second order diffracted light from the diffraction grating was used,
with a consequent reduction of intensity by a factor o f ten. For higher resolution
studies the photomultiplier4,5 was used. This yielded a detection resolution limit of
0.1 cm’1. However, the ultimate resolution of the Bath system was determined by the
dye laser linewidth o f 0.3 cm*1.
Spectral features as close as

2

cm' 1 to the laser line were resolved. This was possible

due to the strong resonant enhancement of the SFRS signals, yielding count rates of
up to 104 photons per second for excitation powers o f 10 to 20 mW, and good stray
light rejection. Three factors contribute to the good stray light rejection achieved by
the system. The M-shaped beam path backscattering arrangement directs most of the

26

elastically scattered light away from the spectrometer. The favourable selection rules
allow the use o f crossed polarising elements in Voigt geometry, which enable the
Raman scattered light to be transmitted, whilst rejecting the laser light.

The

subtractive double stage acts as a band pass filter.
The Stuttgart system consists o f a solenoid superconducting magnet capable of 14 T.
The sample space was cooled by helium gas exchange, enabling temperatures of 5 K
to be reached. The detection system constituted a double grating spectrometer and a
conventional single-photon counting detector.

The spectral resolution of the entire

system was approximately 0 . 1 cm'1.

2.2 Analysis of incident and scattered light
The laboratory axes are defined by x, y and z, for epilayers the normal to the
crystallographic [001] direction was parallel to z, with y parallel to [110]. The laser
beam was incident almost parallel to -z and the emitted light was detected in the backscattering direction, z. The magnetic field could be oriented either along y (Voigt
geometry) or z (Faraday geometry).
As discussed in section 1.3.2 the spin-flip of an electron in a scattering process
requires the angular momentum o f the outgoing photon to differ by unity from the
incoming one. The selection rules are satisfied if the incoming light is a polarized
and the outgoing light is 7 C polarized.
z(/r, cr)z 6,

This process is described by the notation

where the first and last symbols represent the direction of the incoming and

scattered photons with respect to the laboratory coordinates, whilst the symbols within
the parenthesis on the left and right hand sides inside indicate the sense o f polarization
of the electric field vector o f the incident and scattered light. For electron spin-flip
the incident light was passed through a half-wave plate and then a polarizer to ensure
that it was linearly polarized in either c(x) or 7i(y) polarization. The scattered light
was passed through an analyser which transmitted linearly polarized light. For holes
with their greater angular momentum and the possibility of mixing between heavy and
light hole states, the selection rules are more complicated7. In Faraday geometry the
incident and scattered light passed through quarter-wave plates to convert between
linear and circular polarizations.
Note that according to the selection rules the circular polarizations a + and a “ cannot
be distinguished from each other in Voigt geometry, and n transitions cannot be
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observed in Faraday geometry. However, breakdown of the selection rules is possible
under SFRS resonance conditions. Further, observation of forbidden SFRS signals in
a particular geometry may, in part, be due to the collection of scattered light over a
large solid angle, which contains wavevector components from other geometries.

2.3 Angle dependence and substrate removal
Angle resolved measurements can be used to investigate the induced anisotropy in
SFRS with respect to the direction of the magnetic field.

The specimens were

mounted on a sample holder that permitted rotation about the x-axis. Intermediate
angles between the field and the growth axis were measured in two stages 0° to 50° in
Faraday geometry and 40° to 90° in the Voigt configuration.

Thus by means of

specimen rotation, all field directions between [0 0 1 ] and [ 1 1 0 ] were accessible.
A change in the strain state in the epilayer could be induced by gluing the epilayer
onto a glass slide using a low melting point wax, then removing the GaAs substrate by
etching. The following solution was used to selectively etch away the GaAs substrate,
leaving the AlGalnP epilayer glued to the glass slide: 41 ml of 1 molar sodium
hydroxide (NaOH) with 9 ml of 30% hydrogen peroxide (H2 O 2 ).

Previously, the

etchant had proved to be very successful for removing the GaAs substrate from the
ZnSe epilayer8.

2.4 Dyes
In order to resonantly excite the excitonic region of the wide-bandgap semiconductors
examined in this thesis emission spanning almost the entire visible spectrum was
required, considerable patience and effort was necessary to achieve this spectral range
using the dye lasers. Continuous wave excitation in the visible region was provided
by one of two dye lasers: the Coherent C599a and the Spectra-Physics S375. These
dye lasers were pumped using either a multi-line ultra-violet or a multi-line visible
output o f an argon-ion laser. The following dyes were used: Stilbene 1 (SI), Stilbene
3 (S3), Coumarin 102 (C102), Pyrromethene 556 (P556), Rhodamine 110 (R110),
Rhodamine

6

G (R6 G) and DCM.

The new dye P556 with its characteristic high

efficiency 37 % (whilst dyes typically have efficiencies of 15 to 25 %) largely
superseded R 110. Lack o f a suitable pump source prevented dye laser emission in the
region 500 to 527 nm, where a krypton ion pump is required. Individual dye tuning
ranges, intensities and recipes obtained using the Bath set-up are given in figure 2.2
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and table 2.1. The tuning ranges obtained compared favourably with those quoted in
the Coherent dye data sheet9; however, measured output powers were usually 50 % of
the quoted value.

Peak
(nm)

Range
(nm)

Recipe

UV

425

(401-437)1*1

UV

435

41 l-468ib|

UV

475

465-499

488nm
(C599a)
All lines visible
(S375)
All lines visible
(S375)
All lines visible
(S375)

546

(531lc,-585)l“J

predissolve
2g
in
200ml EG + 700ml EG
predissolve lg in 50ml
BA + 1.21ml EG
predissolve lg C480 &
lg C450 in 300ml BA
completely disolve in
ultrasonic bath, 700ml
EG
2g in 1 litre EG

565

545-590

595

575-633

640

615-680

Dyes

Pump
(dye laser)

Stilbene 1

All lines
(C599a)
All lines
(C599a)
All lines
(C599a)

Stilbene 3
Coumarin 102
(mix of C480
& C450)

Pyrromethene
556
Rhodamine
110
Rhodamine
6G
DCM

predissolve 0.75g in
MeOH + 950 ml EG
lg
per
litre EG,
predissolved in MeOH
0.5g per litre EG,
predissolved in MeOH

Table 2.1 Details o f dyes. Optics according to manuals unless otherwise stated: [a] with S3 optics; fb]
with C102 output coupler; [c] with C102 output coupler externally mounted; [d] R110 optics.
EG(ethylene glycol); BA(benzyl alcohol); MeOH (methanol).

500
DCM
R 6 G
P 55 6

300
S 3

4)

5O
Q-

2 0 0

40 0

4 5 0
y

500

600

55 0
Wavelength

65 0

7 0 0

/ nm

Figure 2.2 Dye ranges and output powers obtained in this investigation using Bath experimental
arrangement. Output power quoted is for fresh dye at 3 W UV or 4.5 W visible.
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The alignment procedures for the C599a and the S375 dye laser are adequately
described in their respective manuals10,11. However, it is extremely useful to know the
correct pump and fold mirror spot shapes. For optimal performance o f the C599a dye
laser it is strongly recommended that the spots are brought into focus at

2

m from the

fold mirror, not 0.64 m as suggested in the manual. At this revised focal distance the
spots form crowned vertical ellipses approximately 4mm high, figure 2.3. In the case
o f the S375 dye laser the alignment procedure suggested in the manual was adhered
to. The fold and pump mirror spots were both circular.

4 mm

Figure 2.3 Correctly focused C599a dye laser spots 4mm high at 2 m from the fold mirror.

2.5 Fitting procedure
Figure 2.4 shows the various steps involved in the fitting procedure for the
deconvolution o f overlapping SFRS signals. The figure shows the Stokes portion of a
SFRS spectrum from a p-type GalnP sample in a tilted magnetic field of 6 Tesla. The
complex background consists o f the foot of the laser line, PL and acoustic phonon
scattered light.

This background cannot be measured independently o f the SFRS

signal, see figure 2.5, since the underlying recombination pathways may change with
excitation energy, magnetic field strength and polarization geometry, it was therefore
necessary to subtract the fitted background for each individual spectra. The SFRS
signals could then be fitted. The overall fit and the fitted peaks are presented in the
low portion o f figure 2.4. Whenever possible the anti-Stokes peak positions were also
employed to facilitate the fitting procedure.

The overall experimental uncertainty

obtained from fitted field dependent measurements were, typically, 0.08 cm' 1 for an
isolated SFRS feature under favourable conditions and a maximum o f 0.30 cm' 1 if
deconvolution was required. Linewidth and intensity information will be specifically
examined in sections 3.1, 4.2 and 5.1 for electron, hole and excitonic features,
respectively.
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Chapter 3 - Electrons
This chapter is primarily concerned with the determination of the electron
gyromagnetic ratio in binary, ternary and quaternary alloys.

The aim o f the first

section is to introduce the features seen in the photoluminescence and spin-flip Raman
scattering spectra of ZnSe. The second section is concerned with the compositional
dependence of the electron gyromagnetic ratio in the quaternary II-VI alloy
ZnMgSSe.

The third section extends the discussion to the m -V phosphide based

material and establishes the effects that changing the substrate orientation has on the
luminescence and SFRS of the ternary alloy GalnP. Finally, in the fourth section, the
compositional dependence o f the electron gyromagnetic ratio in the quaternary alloy
AlGalnP will be presented.

3.1 The excitonic region of ZnSe
This first section seeks to introduce the important PL and SFRS features commonly
observed in ZnSe.

To achieve this a variety of ZnSe material is examined from

several institutions. The section begins with a brief review of PL.
At low temperatures PL is a sensitive probe of low-lying energy levels and used in
conjunction with other techniques has provided invaluable quantitative impurityspecific information for basic research and characterisation purposes. In the context
o f this present work a detailed understanding of the PL is essential, since the highly
resonant nature of the SFRS process dictates that the laser energy be near coincident
with the excitonic transition under investigation for the SFRS signal to be observed.
The PL process consists o f three phases: i) above bandgap excitation leads to exciton
formation; ii) rapid energy relaxation of the exciton occurs via phonon-assisted
thermalisation; and iii) radiative recombination of the exciton by the emission of a
photon.

In high purity material at low temperatures recombination occurs at the

conduction and valence -band extrema and the energy of the emitted photon is
#co= E o-E bi where E b is the exciton binding energy. This process is known as ffeeexciton (FE) luminescence. The presence of impurities may lead to the existence of
shallow energy levels within the forbidden gap.

In material containing shallow

donors and acceptors with concentrations greater than

1 0 15

cm' 3 virtually all o f the FE

are captured by very efficient neutral donors and acceptors traps, forming neutral
bound exciton complexes, respectively denoted D°X and A°X (or alternatively I 2 and
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Ii). Subsequent recombination from these centres results in the emission of a photon
with energy fao = Eo - Ei - Eb, where Ei is the donor or acceptor ionisation energy. In
compensated material mutual ionisation between donor and acceptor centres can trap
optically excited electrons and holes to produce neutral centres, whose captured
electron and hole may then radiatively recombine, leaving the ionised centres, such
that: D° + A 0 —> fico +D+ + A +. This process is known as donor-acceptor pair (DAP)
luminescence.

Figure 3.1.1 shows excitonic and DAP luminescence from ZnSe

material produced in several institutions, the growth details of which are given in
Appendix B.
31 meV
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Figure 3.1.1 Low temperature excitonic and DAP luminescence from ZnSe material produced at
several institutions using a variety of different growth techniques, see appendix B for sample
details. W ith the exception of the Lecce material all spectra were obtained using above bandgap
excitation (~ 2.85 eV).

The peaks at approximately 2.69
recombination1'4.

eV are assigned to zero

phonon DAP

The precise position of the DAP peak varies with excitation

intensity, doping concentration and dopant species.

The recombination energy, fico,

between the donor ground state Ed and the acceptor ground state Ea is given by
hcD=Eg - E D- E A+-—
(3.1)
4uE0£r R da
Accurate determination of binding energies is difficult using equation (3.1) without
knowledge o f the fourth, coulomb, term. However, a rough estimate of, for example,
the lithium acceptor binding energy may be obtained taking the measured position of
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the Berlin DAPLl luminescence (2.6923 eV) together with reasonable values of E d
(26.1 meV) table 3.1, the coulomb term (10-15 meV)5 and the bandgap, E0, (2.8218
eV)6. A value o f 115.5 ± 2.5 meV is obtained using equation (3.1) in fair agreement
with the binding energy for Li o f 114 meV6'8. Similarly, the N binding energy may be
estimated from the Regensburg and NEWI samples, giving 111 meV and 108 meV,
respectively, see table 3.1.
FE
2.8023

ha (eV)
Ei (meV)

Ga
2.7975
27.2

Cl
2.7977
26.1

A1
2.7977
25.6

N
2.792
111-114

I,

Li
2.7921

114±0.4

2.7913
80-90

2.7831

Table 3.1 transition energy(Tico) and ionisation energy(Ei) in strain-free ZnSe6,8.

On the lower energy side o f the zero phonon DAP emission is a series o f LO phonon
replicas, as described by the fifth term in equation (3.1), separated by the
characteristic LO phonon energy o f 31 meV for ZnSe at low temperatures9. Another
phonon replica series belonging to the deep acceptor (Iid)6 is also indicated in figure
3.1.1.

However, SFRS is not observed in resonance with the DAP, therefore

emphasis will now be placed on the excitonic region, where SFRS signals are
observed.
To facilitate the discussion o f the PL spectra the excitionic region has been expanded
in figure 3.1.2 with the corresponding spin-flip spectra presented alongside in figure
3.1.3. The PL spectra presented in figure 3.1.2 will now be discussed in turn.
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Figure 3.1.2 Expanded excitonic region of the
ZnSe material presented in figure 3.1.1

-6

-4
e_Sfr

-2

0

2

4

6

8

Raman shift / cm'1
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The uppermost spectrum in figure 3.1.2 shows the excitonic PL from a strain-free
bulk ZnSe single crystal. The crystal contains lithium as an unintentional dopant and
was grown in Berlin using the Markov vapour phase transport method10.

The

specimen is o f very high crystalline quality, as indicated by the extremely narrow
excitonic luminescence linewidths (less than

0 .8

meV), and therefore provides an

excellent example with which to compare other ZnSe material. The most prominent
feature in the spectrum, Iid at 2.783 eV, has been associated with the presence of Cu11;
however, more recent studies performed on samples grown under Se-rich conditions
indicate that it is related to zinc vacancies Vm8,12,13.

No SFRS was detected in

resonance with Iid and none has been reported in the literature. The excitionic region
also shows well-resolved FE, D°X and A°X recombination at 2.8022 eV, 2.7975 eV
and 2.7923 eV, respectively.

These emission energies agree closely with previous

work6,8, enabling Li to be confirmed as the p-type dopant. Of all the samples studied
in this investigation, this sample exhibits the strongest SFRS in resonance with the
shallow donor, see figure 3.1.3. The A°X and the hole SFRS associated with it will be
discussed fully in the next chapter.
The Regensburg sample was grown by MOVPE and formed part of a trial growth
series in which nitrogen doping, using the precursor phenylhydrazine, was
investigated.

The origin o f the broad luminescence lines in this sample is not

immediately clear. Based solely on the PL and the sample thickness (0.6 |im) the
dominant line at 2.7916 eV might be assigned to A°X; however, SFRS shows this
assignment to be incorrect. In Figure 3.1.4 the integrated intensity of the SFRS signal
is shown as a function o f excitation energy. Contrary to the selection rules for holes
in Voigt geometry the SFRS resonance profile is dominated by the signal at 2.7916
eV, indicating that the signal is not related to A°X. The gyromagnetic ratio of -1.12,
measured in resonance with the emission lines at 2.7916 eV and 2.7961 eV, is that of
the shallow donor in ZnSe14,15.

This eliminates the possibility that either line

originates from the deep donor centre, which has a characteristic g-value of 1.3916.
Thus, the signals are shallow donor related. However, the separation of the lines, ~4
meV, is too great to be accounted for by various combinations of the principal shallow
donor impurities, Al, Cl, Ga, In and F (which differ by less than 1 meV). Therefore,
further explanation must be sought.
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Figure 3.1.4 Variation of the SFRS signal integrated intensity as a function of excitation energy,
also known as a resonance profile, obtained from the Regensburg ZnSe material. Each data point
has a corresponding g-value of ~ 1.12, indicating that all features are either FE or D°X related.

The shallow donor lines in this region have, in the past, been attributed to: i) strainsplitting of the D°X ground state17' 19, ii) the D°X ground state together with an excited
electronic state20 and, more recently, iii) N related shallow donor complexes have also
been proposed21,22. The latter can be rejected immediately since no acceptor PL or
SFRS was detected in this sample, indicating a low N content, and as the N shallow
donor is thought to be formed as an integral part of the acceptor compensation
process23 it, therefore, seems unlikely that N shallow donor emission would dominate
the PL spectrum.

The thickness of the sample indicates that the epilayer should

experience a small, less than -0.1%, compressive strain24.

However, the SFRS

resonance profile, figure 3.1.4, clearly shows that the FE has split into light-hole, Xi,
and heavy-hole, Xh, components and that the epilayer is experiencing a thermally
induced tensile strain24. The splitting of the FE together with the broadness of the
emission bands, caused by inhomogeneous broadening due to a large distribution in
the strain states within the layer, indicate that the epilayer has completely relaxed25
and thus only the thermally induced strain component remains. The partial lifting of
the degenerate valance-band states due to biaxial tensile strain, appropriate for the
Regensburg specimen, is illustrated in figure 3.1.5 (a full explanation of this process
is given in section 1.2.4).
Examination of the resonance profile reveals that the FE and D°X line have split by
similar amounts, approximately 4 meV. This energy is consistent with an +0.2% in
plane tensile strain, usually observed in relatively thick layers greater than 2 pm.
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However, even within thin layers the strain may relax by the nucleation o f misfit
dislocations26,27, due to incorrect growth conditions. Thus, the broadened linewidths,
the splitting of the D°X and FE lines and their energetic positions can all be accounted
for within the framework o f strain relaxation, without recourse to arguments involving
excited states.
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Figure 3.1.5 Schemeatic representation of the splitting of FE and D°X states in the presence of a
tensile biaxial strain for the Regensburg ZnSe epilayer, as discussed 1.2.4.

For the Lecce sample the excitonic and DAP luminescence from this sample were
extremely weak and D°X emission could only be excited by selective excitation, with
the laser energy in resonance with excited states o f D°X in the vicinity o f the FE, see
figure 3.1.2. In spite of this, strong electron SFRS was observed in resonance with
D°X and FE at 2.7968 eV and 2.801 eV, respectively. No hole SFRS was observed in
the vicinity o f A°X in Faraday geometry.
The Valbonne sample was grown by MBE and was doped with a pure P-vapour
plasma under Se-rich conditions. The narrow line at 2.786 eV corresponds to the 2LO
phonon from the laser.

The origin o f the peak at 2.7913 eV is attributed by the

grower28 to a P-related A°X. The grower also reports D°X at 2.797 eV, FE at 2.801
r28 The weaker line at 2.7964 eV in the
eV29 and DAP emission at 2.730 eV28.
immediate vicinity o f D°X has been a source of controversy in the literature, being
attributed to both A°XP30, due to its LO phonon coupling strength, and D0X°a,
presumed to originate from Ga in-diffusion from the substrate31. The SFRS signal in
resonance with this line, figure 3.1.3, identifies it as shallow donor related. The origin
of this line will be clarified in section 4.1.
The NEWI sample exhibits a deep red emission, around 2.01 eV, and broad weak
excitonic emission, indicating poor crystalline quality. This is confirmed by the X-ray
rocking curve data (FWHM 260-350 arc s). SFRS from shallow donors is extremely
weak and although the DAP emission suggests the presence o f holes in the sample the
concentration of shallow acceptors is below the threshold necessary for detection by
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SFRS.

The evidence is consistent with a stoichiometric deficiency leading to the

formation of deep centres.
It is apparent from figure 3.1.3 that despite the change in dopant species, doping
concentration and crystal quality that the FWHM o f the shallow donor SFRS is not
significantly altered. For the samples in this section the SFRS FWHM equaled
0.07 cm"1.

0 .6 6

±

It is also clear from figure 3.1.3 that it is not possible to infer any

systematic trend concerning the crystalline quality of the samples from the variation
in the intensity of the SFRS signals, due to the highly resonant nature o f the SFRS
process, other than the fact that very poor quality material exhibits weak SFRS.
Lastly in this section the magnetic field dependence of the shallow donor electron
SFRS signal will be examined. It has already been established in section 1.3.2 that
the Raman shift of the electron SFRS signal is linearly dependent on the magnetic
field strength, in accordance with equation 1.38. Presented in figure 3.1.6 are the
Stokes SFRS signals from shallow donors at various magnetic field strengths, with the
corresponding integrated intensity and FWHM data from the fitted spectra shown in
the main part of figure 3.1.7 and the inset, respectively.
'T I I—I—|— I

I I I |— I I

.....

Voigt
1.5 K

It is clear that both the
I I |— I—I—I—I— 1“ 1—I—I—1— [—I— I—I—T"

i

laser
2.0 T

4.0 T

6.0 T

I i i i r | i 'i i i |

Intensity / a.u.

£

0

2

4

i ' 0 .0

6

M agnetic H eld/T

“I—i—i—r" |—i i i i |—i i i i—|—i—i—n —p i —i—n —|—i—n —I—p i —n —r

■1

0
s6cfpeak

2
Raman shift / cm-i
1

3

4
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Figure 3.1.7 The integrated intensity and
FWHM (inset), for signals presented in figure
3.1.6, as a function of magnetic field strength.

FWHM and the integrated intensity manifest only a weak dependence on the magnetic
field strength and that both remain finite when the field is removed.

However,

caution must be exercised in interpreting the SFRS integrated intensity in binary
alloys, since the excitonic transitions are well defined and, therefore, the SFRS signals
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will be highly sensitive to the excitation energy.

The data presented above was

obtained with the intention o f providing precise determination o f the Raman shift
dependence on magnetic field, not the integrated intensity. This point is less crucial
for the ternary and quatemaiy material, examined later, in which the excitonic
transition energy is less well defined. The FWHM data is not strongly affected by the
precise resonance conditions.
The fundamental PL emission process has been briefly reviewed and the PL features
relevant to this work have been introduced.

A survey of ZnSe material produced

using a variety o f growth techniques and a with range of crystal qualities, doping
concentrations and dopant species has been conducted using PL and SFRS. Despite
variation in the impurity species and crystal quality, electron SFRS was invariably
detected and found to have a g-value of 1.12 ± 0.03, which is the value measured for
the FE in ZnSe.

The ubiquity o f the electron SFRS signal in ZnSe is due to its

detection in high purity material via free-exciton resonance or from intentional and
unintentional shallow donor impurities.

The insensitivity of the g-value to the

chemical species of shallow donor and the local environment is attributed to the
extended nature o f the electron wavefiinction.
The following key features o f the SFRS process have become apparent: i) magnetic
field dependent measurements enable the gyromagnetic ratio of centres to be
accurately determined; ii) the strong excitation energy dependence enables precise
determination of the transition energy of the centre under investigation; and iii)
resonant enhancement of the scattering process enables SFRS signals to be observed,
even though the PL may be extremely weak. These unique abilities enable SFRS to
identify specific types of impurities, ensure that in the presence of additional
perturbations, such as strain, spectra are correctly interpreted and augment other
spectroscopic techniques.
Finally, examination of the magnetic field dependence of the shallow donor SFRS
reveals that the FWHM is independent of the field strength and that the integrated
signal intensity is only weakly field dependent. These findings will prove crucial for
the interpretation of the less well known ternary and quaternary SFRS examined later.
Thus, having established the ability of SFRS in the study of excitonic features in
binary ZnSe the method will now be employed to investigate ZnSe-based alloys.
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3.2 The dependence of the electron gyromagnetic ratio in ZnMgSSe
The ZnMgSSe system was introduced approximately a decade ago . However, m
spite of its technological importance comprehensive studies of its electronic and
optical properties over a wide range of compositions have yet to be conducted. For
devices in which ZnSe or ZnSSe is used as the cladding layer the lasing wavelength
cannot be shorter than in the blue-green spectral region33, shorter wavelength devices
require a wider bandgap material for the cladding layer. The suitability of ZnMgSSe
as a cladding layer material for blue and blue-green laser diodes has been
demonstrated34-36, with ZnCdSe, ZnSe or ZnSSe forming the active region. Both ntype and p-type doping has been achieved37,38; however, as is the case for ZnSe, ptype doping of the ternary and quaternary alloys has also proven to be problematic.
The issues of p-type doping will be discussed further in section 4.4 of the next
chapter.
The structural properties o f ZnMgSSe have not been extensively examined. There are
no reports of long-range order for the ZnMgSSe system, despite the theoretical
prediction39 of large ordering effects in virtually all III-V and II-VI alloys. A weak
dependence of the PL emission energy as a function of substrate orientation has been
reported for ZnMgSSe40 and for ZnSSe41; data for the latter is displayed alongside
GalnP data in figure 3.3.3. Significant amounts of short-range ordering, in the form
of MgS and ZnSe clusters, is predicted for technologically important compositions of
ZnMgSSe.

In epitaxial material clustering is in part driven by bond length

considerations, with bond lengths closest to the substrate being energetically
favoured, see figure 1.3. Compositional modulation corresponding to regions with
different Mg and S concentrations has been observed42 by transmission electron
microscopy (TEM). However, an EXAFS study43 of MBE grown ZnyJMgrSySey-y
(x=0.18, y= 0 .2 ) found a random distribution of the chalcogen atoms, implying
negligible clustering in ZnMgSSe.
The series of Zni.xMgxSySei.y samples under investigation in this section lie in the
composition range 0<x<0.14 and 0<y<0.27 and consist of the nominally undoped
quaternary barriers of single quantum well (SQW) structures and N-doped ternary and
quaternary epilayers. In Zni.xMgxSySei.y epilayers, x is kept well below 0.4 to avoid
any phase change in the material into wurtzite or rocksalt structures. The samples
were grown by MBE, with one exception which was grown by MOVPE. All material
was grown on (100) GaAs substrates. The free hole concentration of the N-doped
40

samples was determined by electrochemical C-V profiling44. The compositions were
determined from the relaxed lattice constant and by interpolation from the bandgap
energies. The epilayers were sufficiently thick, greater than 1 pm, to assume that the
layers were relaxed: X-ray measurements showed that the mismatch was less than 0.1
% and SFRS measurements at 1.5 K, sections 4.4 and 5.1, demonstrate that the strain
was indeed negligible. The sample details are given in appendix B.
The dominate feature in the low temperature PL spectra, figure 3.2.1, has been
attributed to impurity-bound exciton recombination by analogy with ZnSe and from
its temperature dependence45. Observation of electron SFRS in resonance with this
feature also supports this assignment. The FWHM of the excitonic PL, 12.4 ± 2.67
meV, is significantly broader than the bound excitonic emission from ZnSe, which is
typically less than 2 meV for good quality material. The inhomogeneous broadening
of the ZnMgSSe has been attributed to the isoelectronic substitution4 6 and alloy
clustering47. Crucially, however, despite the broadening of the PL band, the SFRS
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Figure 3.2.1 Low temperature luminescence
from ZnMgSSe epitaxial material. The upper
four spectra are from nitrogen doped
specimens, the lower three spectra are barrier
emission from SQW structures. Resonant
phonon features in with ZnMgSe excitonic
emission band, uppermost spectra. Inset
ZnMgSe phonon Raman spectrum.

Figure 3.2.2 Dependence of electron
gyromagnetic ratio on the bandgap energy for
ZnSe-based alloys. Curves show the results of
five-band third-order k p calculations: solid
line ZnSSe52, dashed line ZnMgSe52 and dotted
line ZnMgSSe; with triangles, squares and
filled circles indicating respective data sets.

linewidth in ternary and quaternary alloys remains comparable to those in the binary
material, see section 4.4 for the SFRS spectra.

The DAP emission (not shown),

identified by its temperature dependence48, is also much broader in ZnMgSSe than in
ZnSe and is typically situated 100-110 meV below the bound excitonic emission
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band. A full discussion of the DAP emission from the N-doped samples is given in
reference[44].
The uppermost PL spectrum in figure 3.2.1 shows three distinct phonon features
obtained by resonant Raman excitation. In ternary compounds, such as ZnMgSe, the
zone centre optical phonons are expected to exhibit “two-mode” behaviour48. The
inset, figure 3.2.1, shows an in-going resonant phonon Raman spectrum. “ZnSe-like”
LO and TO modes are clearly evident at 30.9 meV and 25.7 meV, respectively.
However, the peak at 27.2 meV does not correspond to LO or TO GaAs modes and is
therefore presumed to be associated with Mg, although a complete study of the
composition dependence of zone-centre optical phonons in ZnMgSe has yet to be
published in the literature. Nevertheless, the phonon Raman spectrum is completely
dominated by the “ZnSe-like” LO phonon mode, as a result the phonon energies are
not expected to change significantly with composition49, for the values of x and y used
in this study. The relatively weak feature which appears at ~31 meV to lower energy
of the bound exciton is, therefore, tentatively attributed to the phonon replica o f the
bound exciton.
The direct bandgap as a function o f composition has been determined for Zni.
xMgxSySei-y at room temperature50
Eg (x,y) = (1-y) Eg (ZnSe) + x (1-y) [Eg (MgSe) - Eg (ZnSe)]
+ x y [Eg (MgS - Eg (ZnS)] + y E g (ZnS)
+ A x (1-x) + B y (1-y) + C x y (1 -x) + D x y (1-y)

( 3 .2 )

where A = -0.53, B = -0.42, C = 0.20 and D - -B are the bowing parameters in eV.
The temperature dependence of the bandgap in ZnSSe and ZnMgSSe was found to be
identical to that of ZnSe48. It is therefore reasonable to adopt the low temperature
binary bandgaps, whilst assuming the bowing parameters are constant, in order to
estimate the low temperature dependence of the bandgap on composition from the
above expression. The bandgaps used were ZnSe = 2.82, ZnS = 3.78, MgSe = 4.05
and MgS = 4.5 eV.
Although the three SQW samples have the same nominal composition, there exists a
fair degree of variation in their individual lineshapes and in the energetic positions of
their emission bands in the PL. This variation translates into a fairly large variation,
~5 %, in the g-values of the samples; demonstrating both the sensitivity o f the SFRS
to composition in ZnSe and the inherent difficulty in precisely controlling the growth
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process of quaternary alloys. The presence of the SQW is not expected to influence
the g-value in the barrier51.
Figure 3.2.2 shows the dependence o f the electron gyromagnetic ratio on bandgap.
The fitted curves to the experimental data have been calculated using k p perturbation
theory in conjunction with suitable interpolation schemes. It has been established by
successive degrees of approximation52 that the third-order, five-band k p perturbation
theory gives the most satisfactory approximation to the observed compositional
dependence o f the gyromagnetic ratio of the electron for ZnSSe and ZnMgSe alloys.
Most of the parameters required to implement the third-order approximation for
ZnSSe are unknown. Therefore, a linear interpolation between the ZnSe and ZnS end
members is used together with the compositional dependence of the bandgap,
equation (3.2), for ZnSSe.

This procedure gives good agreement over the entire

ZnSSe range for the gyromagnetic ratio dependence on bandgap.

The inability to

grow MgSe in the zincblende structure53, prohibits the use of the interpolation scheme
outlined above for ZnSSe, since very little data exists for MgSe. From equation (3.2)
the variation o f bandgap ZnMgSe with composition is known, after this the most
significant parameter in equation (1.13) is, Ao, the spin-orbit splitting. As previously
noted, however, the properties of the valence-band are largely determined by the
anion and a systematic trend exists for the spin-orbit splitting. For ZnS, ZnSe and
ZnTe Ao are 0.10, 0.42 and 0.9 eV, respectively, and for CdS, CdSe and CdTe they are
0.07, 0.43 and 0.81 eV. Therefore, Ao equal to 0.43 eV is inferred for MgSe and the
value o f Ep o f 2 0 eV is taken, this being typical for zincblende semiconductors54. All
other values are taken from ZnSe and held constant throughout the interpolation.
Though crude, this scheme produces reasonable agreement with experiment.
The proceeding discussion suggests that a suitable interpolation scheme for
quaternary data may be obtained by calculating all the parameters according to the S
content of the ternary ZnSSe, as above, whilst using the correct value for the
quaternary bandgap composition, obtained from equation (3.2). However, unlike the
ternaries, there is no unique correspondence between the bandgap and the
composition for the quaternary material. For this reason it is difficult to present the
quaternary data on the same graph as the ternary material. This problem is overcome
by defining the Mg content to be equal to half the S content: this procedure is valid
since it ensures that the compositions are correct for ZnSe and technologically
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significant barrier compositions.

The prediction based on the above interpolation

scheme reproduces correctly the observed trend for the quaternary material, though,
the agreement with experiment is not as good as in the case of the ternary systems.
The quaternary alloy ZnMgSSe has been investigated using PL, resonant vibrational
Raman scattering and SFRS. The dominant spectral feature observed in the PL has
been attributed to impurity-bound excitonic recombination. Vibrational mode spectra
can yield important microstructural information.

Observation of the binary modes

indicate that the bond length of the binary end member is retained in the alloy,
implying deviation from Vegard’s law55 on a microscopic scale.

Examination of

resonant phonon Raman spectra indicates that the weaker feature, found to lower
energy of the dominant excitonic peak, may be attributed to a phonon replica. The
observed excitonic linewidth is much broader than expected from the customary
thermal broadening and results from inhomogeneous broadening introduced by the
isoelectronic impurities in going from binary to ternary material.

The random

distribution of atoms on their respective sublattices in the alloy system introduce new
physics not found in elemental group IV or binary semiconductors, which strongly
influences the optical properties o f the semiconductor.
The dependence of the gyromagnetic ratio as a function of bandgap energy has been
determined. The third-order five-band k p theory expression, given in section 1.2.1,
was found to give a reasonable description of the observed quaternary alloy
dependence, in the composition range crucial for the fabrication of light emitting
devices. Many important bandstructure parameters as yet undetermined for this alloy,
were estimated for the k-p calculation using simple arguments based on other II-VI
materials.

Thus, in this section it has been demonstrated that SFRS can be

successfully applied to wide-bandgap II-VI alloys. The debate will now be extended
to the III-V ternary alloy GalnP.

3.3. The effect of substrate orientation on Gao.52 Ino.4 sP
Studies of GalnP 56' 59 have indicated that long-range ordering is considerably affected
by the orientation of the underlying substrate.

In this section the influence of

substrate orientation on the PL and SFRS is investigated for GalnP and evidence
concerning AlGalnP is briefly examined.

The section begins with a discussion of

ordering in GalnP.
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As discussed in section 1.1.1, GalnP exhibits spontaneous long-range ordering on the
cation sublattice. This long-range ordering is most commonly manifested as CuPttype ordering, in which alternating GaP-InP monolayer form superlattices along two,
of the four possible, (111) directions on (001) substrates.

The most direct

manifestation of CuPt-type ordering is the observation of new superlattice diffraction
spots in X-ray spectra60. Partially ordered GalnP exhibits a mosaic-like structure, in
which ordered and disordered phases coexist. This partially ordered material can be
characterized by the order parameter

77

and the domain size. The order parameter

77

denotes the fraction of A1 or Ga in the alternating ordered planes: (Gajc+^Inz-x^PyCGax.^Ini-x+r/2?), where

77

=

1

indicates perfect order and

7

=

0

indicates

complete disorder. The domain size indicates the extent of the ordered region, the
dimensions of which are defined by antiphase boundaries (APB).

An APB is the

transitional region, typically a few monolayers wide, in which the sequence of Ga-rich
and In-rich ordered planes is reversed. The lateral extent of the domains have been
reported to range from several tens of a nanometre6 1,62 to the order of a micron63.
Micro-PL studies61,64, via the observation of localized excitonic transition, indicate
that the potential relief in partially ordered GalnP results in the formation of intrinsic
quantum dots.

Detection of the localised excitonic signal was correlated with the

APB, implying that the APB is responsible for the localisation. The APB have been
shown to form disc-like islands in partially ordered material by TEM64. A number of
distinct effects associated with partial ordering have been observed using a variety of
spectroscopic techniques, including PL65'67, PLE 68 and reflectivity69, these are: i) the
reduction of the bandgap; ii) the splitting of the valence-band; iii) a Stokes shift of the
PL relative to the PLE; iv) an intensity dependent PL structure; and v) broadening of
the exciton lines. The reduction in bandgap due to ordering has been used extensively
in the literature to determine the degree of ordering70. However, whilst ordering
certainly reduces the bandgap, so does local phase separation (clustering) and tensile
strain39. A phenomenological explanation of these effects in terms of a distribution of
domains with varying degrees o f ordering has been proposed39. Whilst, the effect of
long-range ordering has been explained71 in terms of zone folding, in which the
electronic states at the L point are zone folded to the /"point, repelling the /V states to
lower energy. The additional periodicity along the ordering direction also leads to a
reduction of the point group symmetry from Td (zincblende) to C3 V (rhombohedral)
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and produces a crystal field splitting of the valence-band, reducing the symmetry of
the valence-band states from /$ to /}, and r $,6 in the ordered material . Therefore,
the total bandgap reduction is a combination of downward repulsion of the
conduction-band due to zone folding and upward repulsion of the valence-band due to
the crystal field splitting.

Bandgap reductions as large as 100 meV have been

measured in the most highly ordered material, with the crystal field splitting
contributing as much as 30 meV towards this value72.
The degree o f ordering and the domain size of the ordered region in GalnP has been
found to be strongly dependent on the growth conditions and surface orientation39.
The degree o f ordering is affected by growth method and the prevailing growth
conditions, such as, growth temperature , growth rate , III/V ratio , surface
misorientation56'59 and the presence of dopants during growth (see section 4.5). It has
also been shown that spontaneous ordering in GalnP occurs due to surface rather than
bulk thermodynamic effects during growth39. The use of misorientated substrates in
both II-VI and III-V materials has been shown to improve the incorporation of p-type
dopants40,72,76, to reduce the surface defect density77 and to increase the optical gain of
epitaxial structures .
Despite the importance of the quaternary alloy AlGalnP to optoelectronic devices, the
issue o f ordering has not been extensively studied. Although superlattice diffraction
spots have been observed in AlGalnP79, the results of optical investigations are less
conclusive than in the case of GalnP80. Increasing the A1 content is not expected to
affect the degree of ordering, because A1P and GaP have similar lattice constants, see
figure 1.3. Studies79 indicate, however, that there is a tendency to order in AlGalnP,
though this is less than in AllnP. The latter was found to have a significant degree of
ordering even on substrates orientations of 10° off axis; though at 15° all CuPt-type
ordering was eliminated throughout the entire composition range79.
To investigate the effects of substrate orientation a series of latticed matched
Gao.52 Ino.48 P epilayers were grown simultaneously by gas source MBE at Sharp
Laboratories o f Europe Ltd.

This was achieved by quartering a GaAs wafer and

polishing each quarter to either 0°, 7°, 10° or 15° towards the (111)B plane. The wafer
was then reassembled and placed in the growth chamber for growth to commence,
thus ensuring that the growth conditions were identical for each substrate orientation.
The phosphide epilayers were typically 2 pm thick and were deposited on a 1 pm
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GaAs buffer layer; the growth was terminated by a 100 A GaAs capping layer.
Details of the growth procedure81 and the determination of the degree of ordering82
are given elsewhere. SFRS measurements in sections 5.2 demonstrate that the strain
in these samples were negligible at 1.5 K.
Figure 3.3.1 shows the low temperature PL using above bandgap excitation.

The

dominant feature in the PL spectra has been attributed to the recombination of
excitons weakly bound at potential fluctuations .

The PL lineshapes are near

Gaussian in form, possessing only a slight asymmetry. The position of the absorption
peak in the PLE81 is indicated in the figure for each sample by an arrow. The inset
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Figure 3.3.2 MOVPE AlGalnP PL linewidth as
a function of the bandgap energy or order
parameter tj. The curve is a guide to the eye.
Figure taken from reference [63].

shows the PL FWHM (filled circles) as a function o f substrate orientation. It should
be noted that precise determination o f the absorption peak position from the PLE
becomes progressively more difficult as the substrate angle is reduced39.
Figure 3.3.2, taken from reference [63], shows the GalnP PL linewidth as a function
of order parameter,

77,

and the bandgap energy. The correlation between the order

parameter and the bandgap energy has been empirically established70. The specimens
selected for the study possessed domain sizes of the order of 1 Jim, and, therefore,
represent material with the largest domain sizes obtainable with current growth
techniques63. The linewidths thus obtained are believed to be close to the intrinsic
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i
I
linewidth for the particular value of order parameter. It is clear from figure 3.3.2 that
in the range 0< tt<0.45 the FWHM decreases with increasing order parameter. This
decrease is directly attributed to the reduction in alloy fluctuations due to the
spontaneous ordering o f the cations63.
In contrast, for the GalnP material investigated in this work, altering the substrate
orientation from 15° (nearly disordered) to 0° (partially ordered) towards the (111)
direction produces a significant increase in the FWHM, inset figure 3.3.1.

This

increase may be attributed to domain size considerations. High substrate angles limit
the domain size, strongly suppressing domain formation84. However, low substrate
angles allow domains with a range o f sizes and order parameters to be formed39.
Thus, in the case o f high substrate angle the FWHM is determined by inhomogeneous
broadening due to the random alloy fluctuations and, therefore, is close to the
theoretical limit for a layer in which the constituents are randomly distributed85.
Whilst, for low substrate angle inhomogeneous broadening due to variation in the
degree o f ordering between domains determines the FWHM.

Thus, these two

inhomogeneous broadening mechanisms account for the observed symmetric PL
lineshape.
The PL peak position of the MBE grown specimen on a 15° substrate was 1.990 eV,
indicating that the sample is nearly completely disordered70, that is
FWHM of this sample was 5.7 meV, which is less than the

6

77

~ 0.

The

meV reported for the

narrowest FWHM of the nearly disordered MOVPE material86, obtained under similar
experimental conditions. The PL peak position of the MOVPE sample was also 1.990
eV. The PL peak position of the 0° oriented specimen indicates that

7 7 - 0 .3

. These

results suggest that the MBE grown material is less inclined to order spontaneously
than material growth by MOVPE. This is consistent with the published literature87.
Figure 3.3.3 shows the PL peak position (and, therefore, the degree of ordering) as a
function o f substrate orientation. Due to the simultaneous growth method used, see
growth details above, the systematic change in the PL peak position may be directly
attributed to the change in substrate orientation.

This observation implies that

spontaneous long-range ordering in GalnP occurs as a consequence of surface, rather
than bulk thermodynamic, effects during growth39.

The shift of the excitonic

emission towards the red spectral region with increasing order parameter has been
firmly established65'67. At 15° formation of the Cu-Pt phase is suppressed, so the
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unperturbed r& form the lowest lying states and the crystal field splitting of the
valence-band is zero72. Figure 3.3.3 also shows the PL peak position dependence as a
function of substrate orientation for ZnSSe remains largely unaffected, suggesting the
propensity to order as a function o f substrate orientation is much less. The data for
ZnSSe is included for comparative proposes.
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Figure 3.3.4 The upper four spectra show the
electron SFRS Stokes and anti-Stokes signals
obtained from MBE-grown GalnP epilayers at
resonance. The lowest spectrum was obtained
off-resonance using 632.8 nm HeNe line.

The most intense SFRS signals were obtained on the high energy side o f the excitonic
peak.

With the exception of the lowest spectrum, figure 3.3.4 shows the resonant

electron SFRS spectra obtained for the different substrate orientations. Justification
for the assignment of the SFRS signals will be given in the following section. Despite
a reduction in bandgap o f 26 meV, no discemable change in Raman shift with
substrate orientation was detected, indicating that SFRS measurements are completely
insensitive to the degree of ordering in the MBE grown Gao.52 Ino.4 8 P. It is interesting
to note that if the prediction o f Ao for random ( 77= 0 ) GalnP and perfectly ordered
( 77= 1 ) CuPt GaInP2 are correct71, 0.100 and 0.105 respectively, then a change in the
gyromagnetic ratio of a few percent would be expected according to three-band k p
theory. However, the most strongly ordered, 0° substrate, sample was shown above to
have an order parameter

7 7 - 0 .3

, therefore no observable change in the gyromagnetic

ratio is expected according to the calculation. The electron gyromagnetic ratio for
Gao.5 2 Ino.4 8 P determined separately from field dependence measurements was 1.66 ±
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0.0588. The lowest spectrum in figure 3.3.4 was obtained off resonance by excitation
using the 632.8 nm HeNe line.

No appreciable narrowing of the SFRS line was

observed, despite a reduction in the laser linewidth of ~25 %, suggesting that the
linewidth is intrinsic to the SFRS process.
The dependence of excitonic lineshape, linewidth and energetic position was
examined as a function of substrate orientation, in epitaxial GalnP grown on GaAs
substrates.

The PL lineshape was found to be near-Gaussian for all substrate

orientations. Comparison with empirically determined data indicated that varying the
substrate angle from 15° to 0° produced a corresponding change in the order
parameter

77

from 0 (disordered) to 0.3 (partially ordered), respectively. The FWHM

o f the disordered MBE material was found to be narrower than that reported for the
highest quality MOVPE material, suggesting that the MBE material is of superior
quality. In agreement with previous studies a characteristic reduction, attributed to an
increase in the ordering of the material, was observed in the energetic position o f the
excitonic luminescence as the substrate angle was reduced. However, in contrast to
previously reported work63, which found a decrease in the FWHM with the increase in
order parameter o f the material, the FWHM in the present case is found to increase
with increasing order parameter. The observed behaviour is therefore attributed to the
dependence o f the domain size on substrate orientation, implying, in this instance, that
the domain size determines the excitonic linewidth. These findings are in agreement
with the phenomenological explanation proposed in reference [39].
The effect that altering the substrate orientation has on the electron gyromagnetic ratio
has been examined for the first time.

However, the g-value was found to be

insensitive to the substrate orientation, despite a 26 meV change in the bandgap
energy.

Possibly indicating that in this MBE-grown material the domain size is

considerably smaller than the excitonic radius.

Measurement o f the electron

gyromagnetic ratio in Gao.5 2 Ino.48 P yielded a value of

1 .6 6

+ 0.05.

SFRS

measurements with the HeNe laser suggest SFRS linewidth obtained is intrinsic to the
scattering process.
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3.4 The dependence of the electron gyromagnetic ratio in AlGalnP
In this final section the electron gyromagnetic ratio for MBE grown (AlxGai.
x)o.52 lno.48 P in the composition range 0<x<0.5 will be determined. The compositional
series examined here were grown under the same conditions as those described in the
previous section on substrates misoriented by 15° to suppress CuPt-type ordering.
There was one exception, however, the x = 0.3 specimen was not from the same
growth series as the 15° sample was not available: instead the 10° sample was
substituted.
The low temperature PL obtained for the series is presented in figure 3.4.1. As in the
previous section for GalnP, the PL is dominated by excitonic emission. The origin of
the band at lower energy has been the subject of some controversy, being variously
interpreted as defect, impurity and phonon replica related. In appendix C a systematic
dependence o f the feature on composition is reported, seeming to favour its
interpretation as a phonon replica. Since the feature does not exhibit SFRS, it does
not form part of the main investigation. It should be noted, however, that the feature
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Figures 3.4: (1) Low temperature PL from a series of MBE-grown (AlxGa].x)0.52lno.48P epilayers,
with the composition x indicated in the figure; (2) Compositional variation of the dominant PL
peak position. PL (filled circles) and PLE (open squares) data. Solid and dotted lines show the
expected direct bandgap81 and indirect gap variation, respectively. The dotted line indicates the
position of the observe luminescence. Triangle indicates position ofX-point for GalnP89.

becomes progressively more pronounced with increasing A1 content and the onset of
the indirect transition is marked by a strong relative enhancement of the feature.
The direct band-edge variation with composition x, solid line in figure 3.4.2, was
determined in earlier work81, at 5 K, such that:
E 0(x) = 2.014 + 0.499x + 0.16X 2

(3.3)
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The variation o f the indirect gap with composition90 is indicated by the dotted line,
whilst the observed emission is Stokes shifted, dashed line. In (AlxGai-x)o.52 lno.48 P the
direct-indirect F -X band transition occurs at xt = 0.50 ± 0.0290’91. The transition is
indicated approximately by the intersection of the dashed and solid lines. For x > xt,
the X-band becomes the lowest transition through which excitons may recombine and
a distinct ‘knee’ is formed in the PL emission (filled circles). The direct band-edge is
still observed in the PLE81 (open squares).
The observation o f the Stokes and anti-Stokes signals, figure 3.4.3, confirms that the
signals are due to SFRS. The SFRS signal strength in Voigt geometry indicates that
the origin o f the signal is electronic and although electron SFRS is forbidden in
Faraday geometry a weakened signal is frequently observed. The partial observation
of the electric-dipole selection rules suggests that the assignment made here, and in
the previous section, is correct; however, the definitive assignment will be made in
the following chapter when the effect of strain on the gyromagnetic ratio is
considered.

The magnetic field dependence, inset, confirms that the Raman shift

behaves according to equation (1.38).

In addition to the electron SFRS signals

reported in this section further signals were observed for specimens in the range
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Figure 3.4.3 SFRS spectra from an undoped
MBE (Alo.2Gao.8)o.52lno.48P epilayer, in Voigt
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experimental geometries. The inset shows the
magnetic field dependence of the SFRS
signals.
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intensity as a function of excitation energy.
Solid line is the excitonic PL and dotted lines
fitted according to equation (1.39).
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0.3<x<0.5. These additional signals will be discussed in section 5.2. Excitation of the
direct gap by SFRS was also attempted at the points indicated by the PLE data81 for x
> xt, however, no SFRS was observed. Nor was SFRS obtained in resonance with the
X-band luminescence.
Figure 3.4.4, shows the relationship between the band-edge (arrow)81, the PL(solid
line) and the SFRS resonance profile, for the sample x = 0.2. The Stokes and antiStokes peaks are indicated by filled and open circles, respectively. The electron SFRS
signals show a strong resonant enhancement on the high energy side of the PL peak;
similar results were obtained for all the specimens with x equal to 0.5 or less. The
linewidth o f the SFRS resonance profile and the PL peak are similar, suggesting that
they may arise from the same process. Further discussion of this point will be made
in section 5.2.
The lower part o f figure 3.4.5 shows the electron gyromagnetic ratio dependence on
composition determined from the field dependence measurements of the SFRS
spectra.

The vertical bars indicate the error in the determination of the g-factor.

Reflectivity measurements have been used by several groups to determine the spinorbit splitting Ao(x). However, the consistency between individual data sets is poorer
than for the band-edge variation with composition. Using two data sets (a)92 and (b)93
for Ao(x), shown in the upper part o f figure 3.4.5, as input for a three-band k p
calcultions, together with equation (3.3) for the bandgap dependence on composition
and the following linear interpolation between the binary Ep values9:
EP(x) = 2 1 .3 - 2.25x

(3.4)

fits to the SFRS experimental data were obtained. Even though the resolution of the
SFRS experiment is comparable to the difference between the two data sets, it is clear
that data set (b)93 gives the better description of the electron gyromagnetic ratio
compositional dependence.
Thus a complete parameter set has been establish that gives good agreement to the
experimentally determined electron gyromagnetic ratio for (AlxGai-x)o.52 lno.48 P. It is
interesting to apply this parameter set to estimate the conduction-band effective mass,
since the same parameters are required for the k p calculation. Figure 3.4.6 shows:
the solid line obtained using three-band k p theory in conjunction with the parameter
set determined above; the linearly interpolated conduction-band effective masses, InP
= 0.077, GaP = 0.15 and A1P = 0.2294, of the binary materials, dotted line; the
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Figure 3.4: (5) The compositional dependence of the spin-orbit splitting A0 (upper portion) and the
electron gyromagnetic ratio (lower portion) in undoped MBE-grown (Al*Gai^)o.52lno.48P epitaxial
material. The dashed lines are linear fits to the two data sets (a)92 and (b)93. The solid line
indicates the calculated trend according to three-band k p theory; (6) Predictions of the
compositional dependence of the conduction-band effective mass for (AlxGai^)0.52lno.48P are given:
linearly interpolated binary effective masses from end member9 (dotted line) and ASW
bandstructure calculation95 (dashed line); three-band k-p theory prediction using the parameter set
determined here (solid line); and experimental data (filled circles) obtained by optically detected
cyclotron resonance at 6 K97.

experimental points, filled circles, obtained by optically detected cyclotron resonance
at 6 K; the dashed line showing the conduction-band effective mass calculated in
reference [95] using a linear interpolation of the effective mass for the binary
constituents obtained from ab initio augmented spherical wave (ASW) bandstructure
method96.

The present parameter set is in fair agreement with the experimentally

determined effective mass for GalnP, though underestimates the predicted trend of the
interpolated data sets by approximately 20 %. However, due to the current dearth of
experimentally measured effective masses, further analysis is redundant since the data
is incapable of finer discrimination.
The first measurements of the electron gyromagnetic ratio in the quaternary alloy
system (AlxGai.x)o.5 2 lno.4 8 P have been reported, in the range 0<r<0.5.

Reasonable

agreement was found using the three-band k-p approximation between the predicted
compositional dependence of electron gyromagnetic ratio and the experimentally
measured values; justifying this level of approximation.

The additional information

gained from this investigation of the electron g-factor enabled discrimination between
alternative data sets o f the spin-orbit splitting parameter. Thus, a complete parameter
set was established, allowing the compositional dependence of the effective mass to
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be estimated.

Fair agreement was found for GalnP with the experimentally

determined effective mass, however, the agreement was less good over the rest of the
composition range.
Significantly, sharp SFRS spectral features are observed for excitation within the
inhomogeneously broadened luminescence, thus demonstrating that SFRS is capable
o f obtaining a much finer level o f information than the inhomogeneous PL linewidth
permits in PL experiments.
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C hapter 4 - Holes
Holes provide a sensitive probe of the local semiconductor environment.

In this

chapter the behaviour of holes is examined and their unique properties are exploited to
gain a deeper insight into the nature of binary, ternary and quaternary alloys.
The first section begins with a brief summary of p-type doping in ZnSe.

This is

followed by consideration of a possible phosphorus compensation process in ZnSe. In
the second section the first report o f hole SFRS from lithium acceptors in ZnSe is
made. The third section is chiefly concerned with the effects of strain on hole SFRS.
The properties of the acceptor valence-band Hamiltonian are established and then
applied to a ZnSe epilayer with a small residual strain. In the fourth and fifth sections
strain induced anisotropies are used to identify definitively the origins of the SFRS
signals in ZnMgSe and GalnP, respectively.

Finally, in the sixth section, the

compositional dependence o f the hole signals in MOVPE-grown AlGalnP material
are presented.

4.1 Compensation in ZnSe
Arguably, the technological application of ZnSe has, for the last three decades, been
hindered by the difficulty in achieving reliable p-type doping.

This section begins

with a brief summary o f p-type doping issues in ZnSe, with particular attention paid to
acceptor compensation.

The extensively studied N compensation process will be

discussed, then evidence o f P compensation will be considered.
The acceptors in ZnSe are formed by group-I and group-V elements.

The group-V

elements are N 1'5, P5’6 and As7,8 substituted on the Se sites, and the group-I, alkali
metals, such as Li9’11 and Na12 act as substitutional acceptors on Zn sites. The results
of p-type doping for epitaxial ZnSe are summarized in table 4.1 below and the
ionisation energies for the acceptor discussed are given in table 3.1. Most attempts to
dope ZnSe with P and As by conventional methods have resulted in the formation of
deep compensating centres, leading to semi-insulating material13,14. Li is thought to
be amphoteric and is also believed to form compensating interstitial donors15,16: this is
supported by theoretical calculation17. Doping with Na is similar to doping with Li;
however, due to its larger covalent radius Na incorporates less well into ZnSe.
The best results in terms of reliability and highest carrier concentration have been
obtained by the method of plasma-excited nitrogen doping during MBE growth.
However, this is not without difficulty, since the free hole concentration seems to be
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limited by a very efficient compensation process19.

The free hole concentration

saturates with increasing N doping at about 1 x 1018 cm'3. The N doped material
shows strong DAP emission, although donors were not intentionally incorporated and
two independent DAP emission processes were observed. These observations led to
the proposal o f many theoretical models20'23 involving compensating nitrogen donors,
generated by heavy N doping. The existence of a deep compensating donor state was
definitively identified using SFRS24,25. The results o f SFRS investigation support a
deep donor model consisting of a N-related complex involving Se vacancies26"28.
Recently,

evidence supporting the existence of a N-related shallow donor

compensation has also been reported, which is believed to form even in the initial
stages o f N incorporation26,29. Thus, compensation of nitrogen-doped ZnSe has been
extensively studied. However, it is not known if the phenomena is confined solely to
N or extends to the alternative p-type dopants.

In the following evidence o f P

compensation is examined.
Group
I

Element
Li

V

Na
N

P
As

Dopant
t-C4H9Li
Li
C5H5Na
nh3
Plasma N 2
t-C4H9NH2
ph3
Zn3P2
AsH3
As

N a - No / cm'3
~1016
~5 x 1017
-

~1014
~1016- 1 0 18
~1017 —10ls
-

-

Growth
MOVPE*
MBE10'11
MOVPE12
MOVPE1
MBE2-3
MOVPE4
MOVPE3
MBE6
MOVPE7
MBE8

Table 4.1 Summary of p-type doping in ZnSe

The samples under investigation in this section were grown by MBE in Bremen using
a novel co-doping method30, via the sublimation of solid source GaP in a
decomposition cell. The flux was controlled by the temperature of the decomposition
cell, see sample details appendix B. However, despite Ga atoms being the minor flux
species the sticking coefficient of atomic Ga to ZnSe is high compared with that o f P2
30

•

molecules , leading to greater Ga incorporation in the epilayer than P. The doping
concentrations presented in appendix B were determined by capacitance-voltage (CV) profiling30.
The relative prominence o f the FE in the photoluminescence of SI 16, figure 4.1.1,
indicates that the epilayer is of high quality, with a low concentration of impurity
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species31’33; furthermore, observation of the Y-line34 at 2.604 eV (not shown) supports
this assertion. The Y-line is a defect associated with emission from an exciton bound
to a misfit dislocation35 and is generally only observed in lightly doped material34.
Given the prevailing dopant species, the dominant peak in the spectrum, at 2.7973 eV,
is attributed to the D°X emission o f the Ga shallow donor. No A°X luminescence or
hole SFRS, in the vicinity of A°X, and only weak DAP emission was observed from
this sample, indicating the P is present only in small quantities, or that the P present is
not active as a shallow acceptor. Confidence in the assignment of D°XGa enables the
strain state o f the epilayer to be accurately determined.

The shift in the energetic

position o f D°XGa luminescence to slightly lower energy indicates a small biaxial
tensile strain o f less than +0.1 %36. This strain is consistent with the layer thickness
o f 1.7 pm and with the position and linewidth of the FE. The origin of the weak
shoulder on the low energy side of D°X°a is less clear, however, and has been subject
to speculation37,38.

Selective excitation, see inset figure 4.1.1, has been used to

precisely determine the position o f this line at 2.7963 eV. The position o f the lower
energy peak corresponds closely to the shallow donor peak observed in the ZnSe:P
Valbonne sample (figure 3.1.2).

A high resolution SFRS resonance profile was

performed to establish the nature o f the centre, see figure 4.1.2. Fitting the data using
equation (1.39) reveals two well resolved features in the resonance profile.

The

Stokes (open circles) and anti-Stokes (filled circles) peaks are offset from one another

intensity / a.u.

- 2.7963 eV

2.795

D°X
2.7973 eV

2.800

2LO
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‘55

FX
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©
c
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. Raman shift / cm*

c
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Figure 4.1.1 Low temperature PL from co
doped ZnSe:Ga:P. Inset show the selective
excitation of D°X. The truncated feature at
2.801 eV is the laser line.

2.795
S6fRP2

2.796

2.797

2.798

Energy / eV

Figure 4.1.2 The SFRS Stokes (open circle)
and anti-Stokes (filled circle) resonance profile,
fitted using equation (1.39). Inset shows SFRS
spectra from each peak in the vicinity of D°X.
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by an energy of -0.3 meV, with the midpoints corresponding precisely with their
peaks in the selective excitation, these positions being indicated by the arrows. The
spin-flip Raman spectra, inset figure 4.1.2, show the SFRS signals at resonance for
each peak, the upper and lower spectra corresponding to the excitation energies
2.7973 eV and 2.7963 eV, respectively. The gyromagnetic ratio of -1.12 identifies
both peaks in the PL as being shallow donor related.
The ratio of intensities of the lines in the PL does not support either a strain-split or an
excited donor state as was put forward in the case o f the Regensburg sample, section
3.1, since in the latter case the lower energy line, corresponding to the ground state,
would be the most intense on thermal grounds.

Similarly, the line cannot be

accounted for by the other principal donor impurities, which differ from D°XGa by
only 0.5 meV at the most. In the present case the separation is 1 meV. Recently,
however, shallow compensating donor complexes have been reported in lightly Ndoped ZnSe39,40, with binding energies slightly larger than those o f the substitutional
shallow donors, but which in other respects behave exactly like effective mass donors.
According to Haynes’s rule41 the donor binding energy should be directly proportional
to the binding energy of an exciton bound to the neutral donor. For shallow donors in
ZnSe the constant of proportionality is 0.1924, therefore, from the donor depth a
binding energy o f 30.5 meV is determined, taking into account the residual strain in
the epilayer.
Several compensation mechanisms have been proposed which could give rise to
shallow N compensation, including N in interstitial configurations36,37, doubly ionised
N atom on a zinc site, Nzn2+ and, interestingly, after establishing a link between
doping with molecular N 2 and the formation of a shallow donor centre23, (N2 )zn. The
latter candidate may have some validity in the present case of P-doping, since it is
diatomic P that arrives at the growth surface during epitaxy and the details of P 2
incorporation have not been established.
A brief summary of doping issues in ZnSe epilayers has been made, with particular
emphasis being drawn to the compensation process and evidence for a possible
compensation process involving the p-type dopant phosphorus has been considered.
The SFRS measurements o f the gyromagnetic ratio identify the feature on the low
energy side of D°XGa as being shallow donor related. The precise determination of
the energetic position of the feature by selective excitation and by SFRS resonance
profile has enabled the binding energy, which is slightly larger than the principal
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substitutional donors, to be estimated. The observation of the feature in the PL of this
Ga:P-doped specimen, and the presence of a similar feature in the PL of the Valbonne
and other P-doped material37,38 suggests that P may form a shallow compensating
donor and, given the doping concentration of this particular specimen, that the
compensation process occurs even at the initial stages of doping . Several possible
compensation mechanisms have been proposed, one of which seems particularly
relevant since it involves the incorporation of diatomic molecules. Determination of
the compensation mechanism is beyond the scope of this work.

However, angle

resolved SFRS studies and phonon Raman spectroscopy may prove essential in
establishing the viability of a diatomic incorporation of P on the grounds of the
reduced symmetry of the centre.

4.2 Lithium doped ZnSe
In this section the discussion will be extended to another alternative p-type dopant,
lithium. Lithium doped ZnSe has not previously been subject to SFRS investigation
and as a consequence important electronic bandstructure parameters have not yet been
determined. The salient features in the PL spectra o f a high quality series of bulk ptype ZnSe:Li samples will then be discussed, followed by an investigation of the hole
SFRS exhibited by these bulk samples.
Figure 4.2.1 shows the low temperature PL from a series of p-type bulk specimens
grown by vapour phase transport.

The prominence of Iid indicates that all of the

samples were grown under Se-rich conditions; however, the variation in the intensity
of the excitonic features suggests that the doping was not precisely controlled.
Observation of the FE suggests that the samples were lightly doped and this is
confirmed by comparison with the PL from characterized ZnSe:Li43, which indicate
that the

|N a - N

d|

is ~ lx l0 15 cm'3 or less for the series. The sharpness of the bound

exciton lines and their energetic positions45,46 indicated that the samples are strainfree, and the narrow linewidths together with the absence of red emission indicate that
the samples are of high structural quality. At low temperature and in zero magnetic
field the A°XLi emission line shows a threefold fine structure47 (not resolved in figure
4.2.1) the origin of which has been attributed to the interaction of the bound
particles48'50. The Zeeman splitting of this fine structure has been subject to detailed
investigation for these samples47.

The two samples, K106 and K5, with fairly

prominent A°X and D°X lines also exhibit relatively strong DAP emission at -2.692
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eV, as described in chapter 3.1. Sample K52 has the weakest overall emission and
certainly the weakest D°X emission. Sample U17 showed no DAP luminescence.

31 meV

K106

£
'(c/)

FE

1LO

DAP

LWL

- K5

c
K52

U17

2.64 2.66 2.68 2.70
PohIPL

2.72 2.74 2.76

2.78

2.80

Energy / eV

Figure 4.2.1 Low temperature luminescence from bulk ZnSe crystals, grown by vapour phase
transport44. The 31 meV ZnSe LO phonon energy is indicated in figure.

Instead of the more commonly reported DAP recombination, sample K52 exhibits
free-to-bound, conduction-band-to-acceptor (e‘-A°), recombination at -2.71 eV, figure
4.2.1. Conduction-band-to-acceptor emission is known to occur at low temperatures
in ZnTe51 and is a frequently occurring feature in successfully p-doped ZnSe.

In

earlier work the peak at -2.71 eV was believed to derive from recombination between
interstitial Li donors and substitutional Li acceptors on Zn sites(Lii - Lizn), the so
called R-band .

However, characterisation by temperature dependent PL and

magnetoluminescence have firmly established43 the e*-A° hypothesis.

Further, no

direct optical evidence was found to support Li donors in MBE-grown ZnSe43.
According to the model43, e'-A° emission becomes observable at low temperatures
whenever the shallow donor concentration is low enough that the DAP recombination
pathway is saturated by the filling the donor levels, even at low excitation intensities,
so that the additional photoexcited electrons are forced into the conduction-band.
This model is consistent with the observed spectra in figure 4.2.1. Observation of the
e‘-A° peak is useful, since it enables the acceptor binding energy to be determined
directly. From the position of the e‘-A° peak at 2.7076 eV, a Li acceptor binding
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energy of 114.2 meV is readily determined in close agreement with the theoretical
prediction, 110.1 meV53, and the experimental value, see table 3.1.
All o f the bulk samples exhibited shallow donor SFRS in resonance with FE and D°X,
and hole SFRS was also observed from all of the samples.

Unexpectedly, two

samples, U17 and K5, exhibited additional SFRS signals in resonance with D°X and
FE; these signals, not previously reported in ZnSe, will be discussed in appendix D.
The remainder of this section will be solely concerned with hole SFRS.
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Figure 4.2: (2) SFRS resonance profile of the ZnSe:Li excitonic region. Solid lines are fits to SFRS
data, the dotted line indicates the PL. The inset shows the Faraday magnetic field dependence of
signal in resonance at A°X; (3) Hole SFRS spectra from which magnetic field dependence data
(inset in adjacent figure) was derived. Magnetic field strength indicated in the figure; (4) Stokes
hole SFRS signals in resonance with A°X in ZnSe for various magnetic field strengths. The left
most feature is the laser line; (5) The integrated intensity and FWHM (inset) as a function of
magnetic field strength, for the signals presented in figure 4.2.4.
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In order to precisely determine the origin of the SFRS signals a resonance profile was
performed on sample U17.

Figure 4.2.2 shows that resonant SFRS signals were

observed for all o f the excitonic emission centres; the PL (dotted line) is included in
this figure for comparison.

SFRS signals with a Raman shift of ~2 cm'1 were

observed with a pronounced resonant enhancement when the laser energy was
coincident with the energy o f the acceptor bound exciton transition, indicating that
these signals arise from spin-flip of holes at neutral acceptors49.

The Faraday

magnetic field dependence, inset figure 4.2.2, confirms that the signal behaves
according to equation (1.38). In figure 4.2.3, the hole SFRS spectra from which the
magnetic field dependence was derived are presented. The anti-Stokes signal passes
through a distinct resonance.
In contrast to the shallow donor related SFRS, the hole SFRS FWHM and integrated
intensity display a distinct and characteristic magnetic field dependence. Figure 4.2.4
shows the SFRS spectra for the nitrogen doped sample K79a at several magnetic field
strengths, whilst figure 4.2.5 shows the integrated intensity and FWHM for samples
K79a(open circles) and U17(filled circles). For both samples the integrated intensity
decreases as the field is reduced, but remains finite at zero magnetic field. However,
the caveat concerning the appropriateness of the experimental procedure for
determining the integrated intensity expressed in the latter part of section 3.1 is
equally valid here. The hole FWHM is composed o f the residual SFRS linewidth plus
an additional inhomogeneously strain broadened field dependent component.

The

randomised strain distribution introduces a spread of g-values, which results in a
linear broadening o f FWHM with increasing magnetic field. At 6 Tesla the FWHM is
accounted for by a randomised strain distribution o f approximately 80 |ieV. Note
that, in contrast to the shallow donor SFRS reported in section 3.1, a significant
difference in the magnitude of the respective FWHM is exhibited by the two
specimens at 6.0 T.

This is attributed to the sensitivity of the hole to the local

semiconductor environment.
The results of the circular polarization measurements are shown in figure 4.2.6 and
are consistent with those for holes49,54. The SFRS spectra were excited on the low
energy side of the A°X; thus avoiding deconvolution difficulties associated with the
A°X manifold, as the A°X PL was not excited. Hence, the anti-Stokes SFRS signal is
the dominant line in the SFRS spectra.
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Figure 4.2.7 Bulk ZnSe:Li hole SFRS signal
dependence on orientation of the sample with
respect to the magnetic field direction.

Figure 4.2.7 shows the angular dependence of the hole SFRS signal and indicates that
the sample is indeed strain-free.

However, since strain forms the subject of the

following section the result will not be discussed further here.
The hole gyromagnetic ratio determined in this investigation was 0.72 ± 0.03. This is
in close agreement with the g-value |gN| = 0.7 ± 0.09 obtained for N acceptor in
unstrained ZnSe:N epilayers55. This agreement is not coincidental, since both N and
Li have similar binding energy depths. The Zeeman spectroscopy conducted on these
same samples obtained a lithium acceptor ground state g-value of 0.647. The origin of
the disparity is not clear, however, it should be noted that SFRS results, involving
only the spin states of the acceptor, are significantly simpler to model than the results
of Zeeman spectroscopy studies, which involve the spin states of both the acceptor
and the acceptor-bound exciton and therefore require more terms in the spinHamiltonian. In previous work25, an anomalous SFRS signal was detected with a gvalue of 0.86 ± 0.07, in Li-doped ZnSe grown by atomic layer epitaxy (ALE). This
present work suggests that the signal may be attributed to the spin-flip of a hole.
In summary, the first observation of the lithium acceptor spin-flip signal is reported,
with spin Hamiltonian parameters similar to those of nitrogen acceptors.

The

identification is supported by polarization measurements and a resonant Raman
profile o f the SFRS signals, which reached a maximum in the vicinity of the acceptor
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bound exciton. The results obtained augment those o f previous experiments, in which
the Zeeman splitting of the excitonic features were studied47.
The magnetic field dependence of acceptor bound hole SFRS was also investigated.
The FWHM and integrated intensity o f two specimens were examined and although
the magnitudes were found to differ the systematic trends were the same, that is, the
FWHM suffered field dependent inhomogeneous broadening, whilst the integrated
intensity displayed a quadratic field dependence, but remained finite at zero field.
These results reflect the greater sensitivity of the hole to its local environment,
produced by the relatively small extent of the hole wavefunction.

4.3 Strain in epitaxial material
Whilst PL is a suitable technique for determining large tensile or compressive strains,
it has already been demonstrated in chapter 3 that strain measurements based solely
on PL may fail due to the inhomogeneous broadening of free and bound exciton lines
in heavily doped material or even the disappearance of those lines in some cases. In
the following section the effect of strain on the hole gyromagnetic ratio will be
examined.

A suitable Hamiltonian describing the effects of strain and spin on the

valence-band is discussed.

This Hamlitonian is then applied to an epilayer with a

small residual strain.
The spin and strain Hamiltonians, presented in chapter 1, may be combined in order to
describe the acceptor valence-band states:
H v = H spin+ H 5train = - 2 MB[K(JxBx + J yBy + J ' B z) + q ( J \ B x + J \ B y + J \ B t )]
+ (A /2 )(J z2 - y [ J + l]/3 )

(4.1)

where //b is the Bohr magneton and A is the strain induced heavy-hole and light-hole
energy splitting in zero magnetic field56. The dimensionless isotropic parameters

k

and q for the acceptor can, in principle, be determined from the SFRS spectra.
The form of Hv implies that if \A\ »

/j q k B then the strain is dominant and the field

induced changes in the light-hole and heavy-hole states are essentially independent of
the exact value of strain. Typically, for thick epilayers of ZnSe on GaAs, cooling from
the growth temperature to 1.5 K introduces a biaxial tensile strain of about +2
57 58

•

•

meV ’ , as a result it is the heavy-hole state, that forms the lowest lying state and
will consequently be occupied at low temperatures.

For thin layers, compressive

strain produced by the difference in lattice constants, of the similar magnitude, but of
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opposite sign, inverts the energy levels and it is the light-hole states that become
occupied. In contrast, in the case of small strain splitting, A becomes comparable to
Zeeman splitting

jubk B,

the heavy-hole and light-hole states become mixed and the

Raman shift becomes sensitive to the precise value of A59. Studies on epilayers of
intermediate thickness60,61, and therefore small strains, have shown that A, ic and q
may be more accurately determined than for heavily strained layers.
Analytical solutions56 to the Zeeman terms are given in table 4.2 for the magnetic
field orientated parallel (Faraday) and perpendicular (Voigt) to the growth axis[001].
Intermediate values, including the strain term, were obtained using a suitable matrix
diagonalisation routine.

Geometry

light hole states

heavy hole states

Faraday

±f i BB ( k + # / 4 )

±3

HbB( k

Voigt

± 2|Ib B ( k

±3

fiB

+ 5q!2)

+9^/4)

B ( q 12 )

Table 4.2 Solutions of the Zeeman terms equation 4.1 for the magnetic field orientated parallel
(Faraday) and perpendicular (Voigt) to the growth axis[001].

It is plain from the analytical solutions that equation (4.1) predicts anisotropic
behaviour for the hole in the presence of a biaxial strain. Furthermore, the light-hole
and heavy-hole, due to their different anisotropic dependences on the orientation of
the sample to the direction o f the magnetic field, can readily be distinguished from
one another.
The experimental results obtained for N-doped ZnSe epilayers62 are summarized in
table 4.3. The ranges of epilayer thickness quoted are intended only as a guide, since
the actual strain induced, and therefore the observed Raman shift, is critically
dependent on the prevailing growth conditions.

Biaxial strain

Thickness (jim)

Faraday

Voigt

Observed behaviour

Compressive(-)

<0.5

~ 2.4

4.5-5

heavy-hole

Tensile(+)

>0. 8

7-7.5

0

light-hole

Negligible

0.45 - 0.85

5 -6

2 -3

mixed state

___
bl
i n n
Table 4.3 Summary of acceptor Raman shifts for nitrogen-doped ZnSe epilayers62.
All
Raman shifts
are expressed in cm'1.
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In order to test the validity of equation (4.1) an epilayer of intermediate thickness was
investigated. The 0.5 pm thick epilayer was grown by MBE in Bremen on a (001)
GaAs substrate, overgrown with a GaAs buffer layer. The grower reported a free hole
concentration

|N a - N d |

concentration ~5

x

of ~5

x

1017 cm"3 from N-doping and a free electron

1016 cm"3 from Cl-doping.

The low temperature luminescence from the co-doped ZnSe:N:Cl sample, figure
4.3.1, is dominated by emission in the vicinity of the A°X. The expanded excitonic
region, inset, shows that this dominant feature is in fact composed of two peaks; the
A°X around 2.792 eV and to lower energy a peak designated C. The origin of the Cline is not clear, however, it has been correlated with N-doping and it has been
suggested that the centre may involve nitrogen clusters63. The arrow indicates the
position at which the SFRS was obtained. No SFRS was observed from the C-line
indicating that it cannot be attributed to a deep acceptor centre.
The observation o f e'-A° at 2.7095 eV is consistent with the doping levels reported by
the grower64 and the absence of D°X luminescence. The N acceptor binding energy
determined from the position of the e"-A° is 112.3 meV, which agrees well with other
reported values, see table 3.1.

The two features on the low energy side of e'-A°

correspond to the shallow donor and deep donor DAP emission, DSAP and DdAP
respectively; however, it is difficult to resolve the individual bands in the present case.
The broadness o f the FE, the difficulty in deconvolving the A°X peak and the absence
o f the D°X line make the precise strain state difficult to determine from the PL.
However, the epilayer thickness and the position o f the FE suggest that the layer is
experiencing a small compressive strain.
In figure 4.3.2, distinct anisotropic behaviour of the hole SFRS is observed on varying
the angle between the sample normal and the direction of the applied field in the range
from 0° to 90°, that is, from [001] to [110]. The fitted data from the SFRS spectra are
presented in figure 4.3.3 and the solid line is the result of calculation using equation
(4.1).

The acceptor-Hamiltonian valence-band parameters determined from the

calculation were

k

= -0.58, q = -0.01 and A = -0.37 meV. The value of ^obtained is

consistent, though, slightly larger than those previously determined59"61, whilst A is
entirely consistent with the sign and magnitude anticipated for this specimen.

The

Faraday field dependence is shown in figure 4.3.4.
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Figure 4.3: (1) Low temperature PL from a co-doped ZnSe:Cl:N epilayer. The inset shows the
expanded excitonic region. The arrow indicates the maximum of the hole SFRS signal intensity;
(2) SFRS spectra from the acceptor-bound hole as a function of angle between the magnetic field
and the growth axis of the sample; (3) Angle dependence of the fitted SFRS data; the solid line was
calculated according to equation (4.1); (4) The Faraday magnetic field dependence.

The calculated dependences of the energy levels of the hole states on the rientation
of the magnetic field are shown in figure 4.3.5, for the parameters determined above
and for a magnetic field of 6.0 Tesla.

In figure 4.3.6 the spin-flip Raman shifts

corresponding to the energy differences between the valence-band levels are
displayed, in the absence of any selection rules. It is clear from figure 4.3.5 that the
valence-band states are mixed.
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Figure 4.3.5 The calculated dependence of the
valence-band energy level states on the angle
between the magnetic field and the growth
axis, using band parameters determined above.

It should be emphasised that the parameters
acceptor-bound hole states.
parameters

k

I

Figure 4.3.6 Lines representing the SFR shifts
corresponding to the valence-band energy
levels: heavy-hole like (solid), light-hole like
(dotted) and mixed states (dashed).
k

and q determined here are those of the

The corresponding valence-band spin-Hamiltonian

and q can be estimated theoretically in terms of the Luttinger

parameters, yi, see table 4.4 below.
Hamiltonian parameters

and q can in principle be obtained from

k

following relationships enable
k

The acceptor-bound valence-band spink

and q65. The

to be determined:

k

= k - d - 13/6 d (r - 1) +7/6f

(4.2)

KL = 73- (yj - 2y2 + 2)/3

(4.3)

d = 0.92y32/yi, r = 72/ 73, f = L 5 ( s K ) 2

(4.4)

where s is the static dielectric constant and K is the coefficient of the fc-linear term in
the Hamiltonian.

For ZnSe, K = 2x1 O'3 a.u. has been found by resonant Brillouin

scattering66, implying th a t/is completely negligible.
Several internally consistent sets of Luttinger parameters have been proposed, that
give reliable estimates of the valence-band effective masses, however, they do not
yield consistent values of
(4.2),

k

k

and

= 0.61 ± 0.11 and

k =

represent the average

k

and

k

k

. Using the parameters in table 4.4 and equation

0.60 ± 0.32 are obtained, where the quoted values
calculated form the individual parameter sets in table

4.4 and the error quoted is the standard deviation.

The magnitude of

here is consistent with the experimentally determined value of

k

k

calculated

= -0.58, however,
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the large spread in the theoretical values prohibits further useful comparison. More
problematic, however, is that the sign of the measured and predicted
different.

k

and

k

are

The calculations presented here are most accurate for narrow bandgap

materials; it is therefore not expected that a calculation of this type will be appropriate
for the valence-band spin-Hamiltonian parameters of ZnSe.

Yi

Y2

Y3

References

4.30

1.14

1.84

[6 6 ] [67]

3.21

0.75

2 .0 0

[6 8 ]

4.30

1.04

2 .0 0

[69]

3.77

1.24

1.67

[70]

Table 4.4 Luttinger parameters for ZnSe from various sources.

A model has been presented describing the dependence of the valence-band states on
the orientation o f the magnetic field in the presence of a biaxial strain. The model
enables the valence-band spin Hamiltonian parameters, together with the sign and
magnitude o f the strain to be deduced. The model also predicts manifestly different
anisotropic behaviour for the light and heavy hole valence-band states, thus, enabling
these states to be distinguished.
The SFRS o f acceptor-bound holes in a co-doped ZnSe:N:Cl epilayer with a small
indeterminate strain was investigated. The observed anisotropic angular dependence
as a function magnetic field direction of the SFRS signals confirmed that the signals
obtained were derived from mixed light and heavy hole valence-band states.

The

epilayer was found to be experiencing a small compressive biaxial strain.

The

nitrogen-acceptor valence-band spin-Hamiltonian parameters, determined using the
model, were found to be consistent with previous measurements. Comparison of the
spin-Hamiltonian parameters with theoretical estimates, based on empirically
determined Luttinger parameters, were found to be consistent in magnitude, but not in
sign.
Hole SFRS has been shown to be an extremely sensitive probe of small strains, not
suited to determination by PL.

Furthermore, the anisotropic behaviour of holes

provides a useful method for distinguishing valence and conduction-band related
signals. However, at present it is not possible to relate the acceptor-bound-hole spin
Hamiltonian parameters to the valence-band spin Hamiltonian parameters.
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4.4 Acceptors in ZnMgSe
In the previous sections the doping issues in ZnSe and the anisotropic behaviour of
valence-band related states in the presence of biaxial strain were established; the
discussion will now be extended to ZnSe-based alloys. In this section the presence of
a small biaxial strain in a nitrogen doped ZnMgSe epilayer will be used to establish
the origin o f the observed SFRS signals; confirming the assignment for the electron
SFRS made in section 3.2 and enabling the strain state of the epilayer to be
determined.

The section begins with a brief summary of nitrogen doping in ZnSe

based alloys.
In ZnMgSSe:N the net active acceptor concentration has been found to monotonically
decrease with increasing Mg and S composition71. In fact, S and Mg decrease the free
hole concentration by as much as a factor of two when added to ZnSe and ZnSSe,
respectively72, see figure 4.4.1. Although the total N concentration increases slightly
as S is added to ZnSe, it remains constant with the addition of Mg73. This has lead to
the suggestion that Mg and S are involved in nitrogen compensation71,74. Similar
dependences have been reported for N-doping of Zni.xMgxSe (r<0.25)73 and ZnSySei.
y (y<0.3)75.
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Figures 4.4: (1) Free hole concentration as a function of depth in a nitrogen doped multilayer
specimen, determined using electrochemical CV-profiling. Figure taken from reference [72]; (2)
SFRS spectra obtained from MBE-grown Zno.86Mgo.HSe doped with nitrogen. Upper and lower
traces show Faraday and Voigt experimental geometries, respectively.

Figure 4.4.2 shows the signals observed in nitrogen doped Zno.86 Mgo.1 4 Se epilayer in
two geometries for a magnetic field o f

6

Tesla. In each geometry two signals are

observed in both the Stokes and anti-Stokes portions of the spectra. The signal with
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the higher Raman shift is strongest in Faraday geometry, whilst the signal at lower
Raman shift is strongest in Voigt geometry. In Voigt geometry, the selection rules for
SFRS imply that electron SFRS should be observed, whereas it is possible to detect
hole SFRS in Faraday geometry54.

Figure 4.4.3 shows that the magnetic field

dependence o f the signals is linear and converges to the origin in zero field, in
accordance with equation (1.38). These observations confirm that the signals arise
from SFRS and suggest the identification of the higher and lower Raman shift signals
with hole and electron SFRS, respectively.
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Figures 4.4: (3) The magnetic field dependence data in Faraday geometry; (4) SFRS signals at the
magnetic field strengths indicated on the right of the figure; (5) The integrated intensity and
FWHM (inset), for signals presented in figure 4.4.4, as a function of magnetic field strength.
Electron and hole data represented by filled and open circles, respectively, (6) Dependence of the
electron (filled circles) and hole (open circles) spin-flip Raman shift on the angle between the
magnetic field and the epilayer growth direction. The solid lines are the result of calculations based
on equation (4.1).
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Selected spectra from the Faraday field dependence are presented in figure 4.4.4. It is
clear from this figure that the linewidth of the signal attributed to the hole decreases as
the magnetic field strength is reduced, whilst the intensity remains roughly constant.
The magnetic field dependence of the integrated intensities of the signals is shown in
figure 4.4.5. The solid lines are quadratic and linear regression fits to the hole and
electron data, respectively.

The integrated intensity of the electron signal (filled

circles) is only weakly dependent on the magnetic field strength, diminishing slightly
as the field reduces, but essentially remaining finite even for small fields.

This

behaviour is consistent with SFRS associated with a carrier bound to a neutral donor,
section 3.1. The hole integrated intensity is manifestly field dependent, however, it is
important to note that this signal too does not extrapolate to zero integrated intensity
at zero field.

This behaviour will be reexamined in section 5.1.

The observed

dependence o f the FWHM, inset, is directly analogous to those described in sections
3.1 and 4.2 for donor and acceptor bound electrons and holes.
The spin-flip Raman shift as a function of magnetic field orientation between the
growth axis and the layer plane is shown in figure 4.4.6. The solid line in this figure
is the result o f calculation based on equation (4.1). From the fitting of this line the
parameters rc= -0.84, q= -0.01 are determined and a strain splitting of 140 peV is
extracted for the epilayer, thus confirming that the resultant strain in the
Zno.86 Mgo.1 4 Se epilayer is indeed small. Similar strains to that determined above were
obtained for all the ternary and quaternary ZnSe based material examined in this
study.
Nitrogen doping in ZnSe-based alloys has been briefly summarised. The presence of
biaxial strain in a nitrogen doped ZnMgSe epilayer has enabled the assignments made
previously for electron and hole SFRS signals to be confirmed.

The anisotropic

behaviour o f the signal attributed to the hole identifies it as originating from the
valence-band and, therefore, considering the doping and the analogous field
dependent behaviour of the FWHM and the integrated intensity to that o f the bound
states examined previously, it is not unreasonable to conclude that the signal observed
in this specimen is derived from the spin-flip of a hole bound to an nitrogen acceptor.
It is also clear from figure 4.4.6 that the signal attributed electron in section 3.2 is
isotropic, as expected.

The measured strain between the epilayer and the GaAs

substrate was found to be small.
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4.5 Identification of SFRS signals in p-type M OVPE Gao.5 2 Ino.4 aP
The specimen under consideration here forms part o f a series of samples grown by
MOVPE at Epitaxial Products International Ltd. (EPI) in which the composition was
varied according to the formula (AlxGai.x)o.52 lno.48 P.

The growth details and

compositional trends within this series will be given in the following section. This
section, however, is solely concerned with the identification of the origins of the
SFRS signals observed in p-type GalnP.
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Figure 4.5.1 SFRS spectra from p-type MOVPE-grown Gao.52Ino.48P, in Voigt and Faraday
geometries. Electron (e) and hole (h) signals are indicated in the figure.

Figure 4.5.1 shows the spectra obtained from the p-type Gao.52 Ino.4 8 P MOVPE
specimen in Voigt and Faraday geometries at 6.0 T. In total five Stokes signals are
observed, although the signals with Raman shifts greater than 7 cm"1 are relatively
weak. Observation of Stokes and anti-Stokes signals for the two dominant signals, at
approximately 4.6 cm"1 and 6 cm'1, and the partial adherence of these signals to the
electric-dipole selection rules suggest these signals arise from SFRS of electrons and
holes, respectively. The signal at ~4.6 cm'1 was previously detected in the undoped
GalnP material grown by MBE, section 3.3, and was attributed to electron SFRS. The
presence of the new signal, at ~6 cm'1, in this deliberately p-doped material gives
further indication that the new signal is hole related. However, in contrast to the
previous section, there is no apparent shift in the position of the new signal from one
field geometry to the other. The figure 4.5.2 shows a series of spectra recorded in
Faraday geometry as a function of magnetic field. The magnetic field dependence of
the deconvoluted bands is presented in figure 4.5.3. The procedure for deconvolving
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the overlapping bands is given in chapter 2.

The magnetic field dependence

demonstrates that all of the signals behave according to equation (1.38).
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Figures 4.5: (2) SFRS signals at the magnetic field strengths indicated on the left of the figure; (3)
The magnetic field dependence data in Faraday geometry; (4) Dependence of SFRS shifts on the
angle between the magnetic field and the epilayer growth direction for a epilayer removed from its
substrate. Lines are the results of calculation based on equation (4.1), symbols represent electron,
hole and combination signals; (5) Dependence of SFRS shifts on the angle between the magnetic
field and the epilayer growth direction for an unstrained layer latticed-matched to the substrate.

In order to provide a definitive test of the assignment of the SFRS signals the
measurements have been extended to include the variation of strain in the epilayer.
The epilayer, nominally latticed-matched to GaAs at the growth temperature, should
experience only thermally induced strain produced by the difference in the thermal
expansion coefficients between the epilayer and the substrate at low temperatures,

80

which is expected to be small, certainly less than 1 meV.

As demonstrated in

previous sections, the SFRS of holes is an extremely sensitive probe of small strains.
Therefore, a strain was deliberately introduced into the epilayer by the removal of the
substrate, as described in chapter 2. Measurements o f the SFRS as a function of the
angle between the magnetic field and the normal to the epilayer then reveal a clear
anisotropy in the signal ascribed above to hole SFRS. This is shown is figure 4.5.4.
The electron signal remains isotropic, as expected, whilst the hole signal is greatest in
Faraday geometry and decreases as the magnetic field is rotated towards the layer
plane.

It is also possible to deconvolve the signals making up the bands at higher

Raman shifts, these consist of overtone signals, one with the g-factor g = ge+gh, one
with g = 2gh and the third signal which appears to be two poorly resolved bands
comprised o f 3gh and ge+2gh.

The curved lines in figure 4.5.4 are the results of

calculations taking an isotropic electron g-factor and modelling the valence-band
splitting in a magnetic field with equation (4.1). The magnitude of the valence-band
strain-splitting induced by the substrate removal is found to be 160 peV. Figure 4.5.5,
shows measurements o f the Raman shift as a function of angle for the same sample
with the epilayer still attached to the substrate.

These measurements clearly

demonstrate that there is no anisotropy of the hole signal and that, therefore, the strain
arising from the differential thermal contraction is indeed negligible in this case.
The deliberate introduction of strain in the epilayer has enabled the unambiguous
identification o f the electron and hole SFRS signals in p-type GalnP doped with Zn.
From magnetic field dependent measurements the following values for the electron
and hole gyromagnetic ratios were obtained 1.60 ± 0.05 and 2.05 ± 0.1076,
respectively.
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4.6 The dependence of the hole gyromagnetic ratio in AIGalnP
It was confirmed in the previous section that the p-doped material exhibits both
electron and hole SFRS. In this last section evidence pertinent to the origin of the
SFRS signals will be examined and the compositional dependence o f the hole
gyromagnetic ratio will be determined for a series of p-type (AlxGai.x)o.52 lno.48 P
epilayers in the direct gap composition range 0<x<0.46. The section begins with a
brief summary o f p-type doping in AIGalnP.
The electrical characteristics of the p-AlGalnP layer as a cladding layer has a direct
bearing on the laser performance characteristics, such as the threshold current or
maximum operating temperature77. For p-type cladding layers a hole concentration of
about lx l0 18 cm'3 is desired to avoid leakage of the carriers from the active layer
towards the cladding layer. This has been achieved using either Zn or Mg as p-type
dopants, with Zn being the most widely used dopant because of its excellent
controllability and reproducibility. However, in AIGalnP the fraction of Zn that is
electrically active decreases with increasing A1 content78. The maximum obtainable
hole concentration for MOVPE grown AllnP doped with Zn is only 2x1017 cm'31791.
In devices this results in a high laser threshold current and a pronounced temperature
dependence80. Using the alternative p-type dopant Mg improved active doping of
AllnP has been achieved81; however, the current Mg precursors have proved
problematic for growers. Studies on MOVPE Zn-doping of A GalnP using off-axis
substrates have shown that substrate misorientation improves the Zn electrical activity
and enhances the Zn incorporation efficiency82.

Oxygen contamination has been

identified as the main cause of Zn acceptor compensation82, since oxygen in the layers
can act as a deep donor, thereby reducing the Zn electrical activity. In addition the
introduction o f p-type dopants influences the surface morphology of GalnP83. This
can destabilize thermodynamically the surface reconstruction84. It has been found that
the presence o f Mg and Zn atoms above a critical concentration (~1018 cm*3)85'89 has
the effect o f ‘poisoning’ the CuPt-type order. Recent studies involving the n-type
dopant Te have shown that CuPt-type ordering is eliminated for Te concentrations
greater than 6x1017 cm*3^90*. The MOVPE growth process is believed to increase the
propensity o f AIGalnP to order91.
The material under investigation was grown by MOVPE and a free hole concentration
of 1-2 x 1017 cm'3 was achieved using Zn as a p-type dopant, suggesting possible
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oxygen compensation. The epilayers were 0.5 pm thick and lattice matched to GaAs
substrates; a GaAs buffer layer and capping layer were also included.
Figure 4.6.1 shows the low temperature PL from the p-type GalnP sample grown by
MOVPE. An order parameter of rj = 0.25 is indicated by the energetic position of the
PL band, at 1.973 eV.

The FWHM of 9.7 meV is significantly broader than that

reported for the nearly disordered GalnP MBE specimen in section 3.3; alloy
fluctuations, domain size variation and the presence o f Zn acceptor impurities may all
contribute to the broadening; however, it is not clear which mechanism is most
significant. The increased prominence of the lower energy feature is consistent with
the stronger LO phonon coupling strength associated with an acceptor bound
recombination92. Figure 4.6.2 shows that the variation of the integrated intensity and
FWHM with magnetic field for the electron (filled circle) and hole (open circle) SFRS
is analogous to the those described in sections 3.1 and 4.2 for donor and acceptor
bound electrons and holes in the ZnSe-based alloys.
TIT
1.5 K

Intensity / a.u.

Exdtonic
emission
1.973 eV

J'1.0

FWHM
9.7 meV

0.0
Magnetic field / T

1.90
1.92
E39PL3

1.94

1.96

Energy/eV

1.98

2.00

e39fwfl

2

3

4

Magnetic field / T

Figures 4.6: (1) Low temperature photoluminescence spectrum from a p-type Gao.52Ino.48P layer
grown by MOVPE; (2) The integrated intensity and FWHM (inset) as a function of magnetic field
strength for the p-type MOVPE grown Gao.52Ino.48P epilayer. The electrons and holes are
represented by filled and open symbols, respectively.

To investigate further the origin of the SFRS signals the intensity of the signals as a
function of excitation energy was examined. It is clear in figure 4.6.3 that both SFRS
signals exhibit a strong resonant enhancement at approximately the same energy (to
within 0.8 meV) which falls on the high energy side o f the dominant PL peak, at
2.103 eV. The width of the resonance profile of the SFRS signals is significantly less
than that o f the PL peak, suggesting that the latter does not arise from a single
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process.

The origin o f the excitonic emission, its broadening mechanism and the

origin o f the SFRS will be re-examined in section 5.2.
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Figures 4.6: (3) Electron (filled circles) and hole (open circles) SRFS resonance profile data
superimposed on the PL spectrum from a p-doped MOVPE-grown ( Alois Gao.82)0.52lno.48? epilayer.
SFRS data fitted according to equation (1.39); (4) PL spectra from p-type MOVPE-grown (AlxGai_
x)o.52lno.48P epitaxial material. The inset shows the compositional dependence of the dominant PL
peak position, with the expected variation (solid line) according to reference [93]; (5) Voigt SFRS
spectra for the compositions indicated on the right of the figure; (6) Faraday SFRS spectra for the
compositions indicated on the right of the figure.

Figure 4.6.4 shows the low temperature PL for the series of samples described in
section 4.5. As previously mentioned, the dominant band in the PL of this p-doped
material corresponds to bound exciton emission; this point will be justified in chapter
5. The relative intensity of the feature on the low energy side of the main peak was
found to diminish with increasing A1 content.

The inset of figure 4.6.4 shows the

comparison between the expected variation of the excitonic bandgap at low
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temperatures and the energy of the dominant band observed in the PL. The variation
o f the excitonic bandgap, Eo, was determined in a previous investigation93, at 4.2 K, to
be:
E 0(x) = 1.9790 + 0.704*
The dependence o f the PL and PLE spectra on composition

(4-5)
showed a small Stokes

shift o f the dominant PL band, which increased as the A1 content increased, but was
always less than 10 meV for the direct gap compositions studied here.
Figures 4.6.5 and 4.6.6 show the SFRS spectra obtained for the composition range
examined, in Voigt and Faraday geometries respectively. Despite the electron SFRS
signal being dominant in Voigt geometry and the hole SFRS signal being dominant in
Faraday geometry, precise deconvolution of the two signals was problematic. It is
also clear from the two figures that the variation in g-value with composition is small
for both electron and hole signals. It is interesting to note the emergence of a third
signal, indicated by an arrow, at higher Raman shift than the hole for the sample with
the highest A1 content, x=0.46. This third signal forms a weak shoulder in Faraday
geometry and is more prominent in Voigt geometry, but is not evident in the spectra
o f samples with lower A1 content. The significance o f this signal will be discussed in
chapter 5.
Figure 4.6.7 shows a composite diagram with electron g-values determined using the
magnetic field dependence of the SFRS signals in Voigt geometry and hole g-values
determined using Faraday geometry data. The electron data was fitted in precisely the
same manner as the undoped MBE material, section 3.4, using equation (4.5) for the
compositional dependence of the bandgap.

The dependence o f the electron

gyromagnetic ratio (dashed line) is reproduced well for the p-doped MOVPE material;
in fact there is negligible difference between the results for the doped and undoped
material.
The information available to calculate the compositional dependence of the hole
gyromagnetic ratio for ternary and quaternary phosphide-based material is extremely
limited.

To implement the approach based on the Luttinger parameters adopted in

section 4.3 for the phosphides requires the following linear interpolations of the
binary Luttinger parameters94:
Yi — 5.24 - 0.365x,

y2 = 1.53 - 0.46x,

y3 = 2.21 - 0.255*

(4.6)
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The result of the above calculation, illustrated in figure 4.6.7 by the dotted line,
underestimates the experimental data g-values. However, an alternative three-band
model expression for

k

exists95:

E '
1e
(4.7)
—— 1 3 v IE,oj
dependent on, in this case, the interpolated binary energy momentum matrix element
k

Ep, equation (3.3), and the variation of the excitonic bandgap, E q, equation (4.5). The
gyromagnetic ratios determined using equation (4.7) are also shown in figure 4.6.7 by
the solid line.
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Figure 4.6.7 The compositional dependence of the electron (circles) and hole (squares) g-factor in
p-type MOVPE-grown (AlxGai^o^Ino-raP epitaxial material. Vertical bars indicate the uncertainty
in measurement. The dashed line indicates the three-band k p theory calculation for the electron gvalue. The solid and dotted lines are calculations for the hole g-factors based on references [95] and
[65], respectively.

The average value o f gh obtained from the experimental data is 2.05 ± 0.176 and this is
related to the bandstructure parameter k via gh = 2 k .

No

determination of this

parameter exists for the alloy and its interpretation is rather difficult since the hole
observed is bound to the Zn acceptor, rather than free, so gh need not be equal to the
value appropriate to the valence-band38. It is interesting to note that a value of gh =
1.81 is obtained by linear interpolation of the values

k

reported for InP and GaP94.

However, linear interpolation does not correctly predict the hole g-factor when x is
greater than zero for the present series of samples, since a strong dependence on
composition would be expected, whereas it is found experimentally that gh does not
vary significantly with composition.
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Experimental results have been presented for the compositional dependence of the
electron and hole SFRS signals in MOVPE-grown AIGalnP alloy. The electron gvalue is found to have the same compositional dependence as that reported earlier in
section 3.4 for MBE grown material. The compositional dependence o f the hole gvalue is reported for the first time and is found to exhibit only a small variation over
the composition range examined. However, the overall fit obtained, using appropriate
three-band k p theory, to the hole SFRS data is less satisfactory than that achieved for
the electron SFRS data. The observed magnetic field dependence of these signals in
conjunction with information provided by the grower concerning the doping levels of
the epilayers indicate that the results are consistent with the signals originating from
bound exciton complexes.
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Chapter 5 - Excitons
The exciton is o f central importance in our understanding of semiconductors. In the
following chapter the behaviour of weakly localised excitons will be investigated,
thereby accounting for the additional signals reported in chapters 3 and 4.
chapter is divided into two sections.

The

The first section establishes the existence of

localised excitons in the quaternary alloy ZnMgSSe, whilst in the second section
analogous results are reported for the AlGalnP quaternary material system.

Thus,

weak exciton localisation is establish as a general phenomena of quaternary alloys,
independent o f the particular material system.

Section 5.1 Exciton localisation in ZnMgSSe
The quaternary alloy ZnMgSSe is a promising material in which to study the effects
of alloy disorder, since composition variations on both anion and cation sublattices are
likely to induce strong potential fluctuations.

In this section a preparatory

investigation o f the magnetic field dependent signals observed in ZnMgSSe
quaternary alloy is undertaken. Two types of sample are examined, a nitrogen doped
epilayer specimen and the undoped quaternary barriers of a SQW sample.
The

magnetic

field

dependent

signals

obtained

from

the

nitrogen doped

Zno.9 Mgo.1 So.2 2 Seo.78 quaternary alloy are presented in figure 5.1.1, in Voigt and
Faraday geometries at 6 Tesla. Superficially, these spectra resemble those presented
for the nitrogen doped ZnMgSe ternary alloy in section 4.4, however, it will be shown
that important differences occur in the magnetic field dependence of the broader
signal.
Consider first the signal at lower Raman shift. This signal adheres to the selection
rules for electron SFRS, as described in section 4.4. The Raman shift, at 3.75 cm'1 at
6 Tesla, is consistent with the five-band third-order k-p prediction for the electron
SFRS, section 3.2, for the above composition. The linewidth is narrow, comparable
to those previously reported for electron SFRS in section 3.1, and exhibits only a
weak dependence on the magnetic field, inset figure 5.1.2 (filled circles).

The

magnetic field dependent behaviour of the integrated intensity (filled circles), figure
5.1.2, is in accordance with that reported in sections 3.1 and 4.2.

The field

dependence o f the Raman shift, figure 5.1.3, is linear and converges to the origin at
zero field, in accordance with equation (1.38). Finally, from figure 5.1.3 it can be
deduced that the signal is isotropic in the presence of biaxial strain (open symbols:
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Voigt geometry and filled circles: Faraday geometry). Therefore, the signal can be
attributed to SFRS of an electron bound to a neutral donor. The data for figures 5.1.2
and 5.1.3 were obtained from the spectra presented in figure 5.1.4.
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Figures 5.1: (1) Voigt and Faraday SFRS spectra from a nitrogen-doped Zno.9Mgo.1So.22Seo.78
quaternary epilayer; (2) Faraday magnetic field dependence of integrated intensity and FWHM
(inset) for N-doped epilayer. Filled and open symbols corresponding to electron and exciton,
respectively; (3) Voigt (open) and Faraday (filled) magnetic field dependence of electron (circle)
and exciton (square) SFRS Raman shift for N-doped epilayer, (4) Faraday SFRS spectra from a Ndoped epilayer for the range o f magnetic field strengths indicated on the right side of the diagram.

The signal at higher Raman shift shares several similarities with the hole SFRS.
partially adheres to the selection rules appropriate for hole SFRS.

It

Anisotropic

behaviour can be inferred from figure 5.1.3. The FWHM exhibits a similar magnetic
field dependence to those reported for holes in sections 4.2 and 4.4, although the new
signal is significantly broader.

However, a distinct departure from the previous
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behaviour reported for holes is observed in the magnetic field dependence, in which
important differences occur in the integrated intensity and the Raman shift.

The

integrated intensity exhibits a pronounced quadratic dependence on magnetic field,
extrapolating to zero between 1 and 2 Tesla.

This requirement of a minimum

threshold field suggests a ‘switching on’ of the transition.

This is clearly seen in

figure 5.1.2. The Raman shift o f the signal as a function of magnetic field, though
linear, does not extrapolate to the origin for zero magnetic field. This finite value
implies a zero field splitting of a few tenths of an meV. No signal reported previously
in this work exhibits this range of field dependent behaviour.
Analogous behaviour of the linewidth, integrated intensity and nonzero Raman shift at
zero field was also exhibited by the undoped quaternary barriers of the SQW samples.
Results for sample S84 are shown in figure 5.1.5 and 5.1.6. The Voigt and Faraday
magnetic field dependences and the angular variation are shown in figure 5.1.7.
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Figures 5.1: (5) Faraday magnetic field dependence of integrated intensity and FWHM (inset) from
an undoped Zno.89Mgo.11So.2Seo.80 quaternary barriers of a 5 nm SQW sample. Electrons and
excitons are represented by filled and open symbols, respectively; (6) Faraday SFRS spectra from
an undoped ZnMgSSe quaternary SQW barrier for range of magnetic field strengths indicated on
right side of the diagram.

The electron signal was detected in all of the ZnSe based material, however, only the
quaternary Zni.xMgxSySei.y material examined with compositions x > 0 . 1 and 3 ; > 0.2
exhibited the new signal. Neither the MOVPE-grown epilayer, with composition x =
0.07 and>> = 0.12, nor the ternary material examined exhibited the new signal.
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Figure 5.1.7 The field dependent Raman shifts for an undoped ZnMgSSe quaternary SQW barrier,
sample S84. Voigt and Faraday electron (filled) and exciton (open) SFRS Raman shift magnetic
field dependence, diagrams on left and right sides. Central diagram SFRS Raman shift as a
function of magnetic field direction. Lines are results of calculation based on equation (5.1).

Having identified the presence of a new signal it is of interest now to determine its
dependence on excitation energy. Figure 5.1.8 shows the raw spectra. In conjunction
with the reduction in laser intensity due to the crossed polarization employed in Voigt
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Figure 5.1.8 The dependence of electron and exciton related SFRS signals on excitation
wavelength for N-doped epilayer in Voigt geomentry. The raw spectra show electron and exciton
related Stoke and anti-Stokes SFRS signals. The central feature in each spectra is the strongly
attenuated laser signal.

geometry z(/r, &)z, additional attenuation of the laser was provided by a neutral
density filter. On the low energy side of the laser line the stronger Stokes signals are
clearly observed, together with the PL background which follows the luminescence
profile. On the high energy side the anti-Stokes signals of the electron and new signal
are also observed. Analysis of these spectra enables the Raman shift dependence on
excitation energy and resonance profile to be constructed, figures 5.1.9 and 5.1.10,
respectively.

It is clear from figure 5.1.9 that the Raman shift of neither signal is
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dependent on excitation energy. The resonance profile data indicates that the most
intense signals occur on the high energy side of the PL band. Fitting of the data,
according to equation (1.39), reveals that the two intensity profiles are coincident,
within the limit of the experimental resolution.

The linewidths o f the PL and

resonance profiles were comparable and their separation was ~3 meV.
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Figure 5.1.9 Raman shift of electron (filled)
and exciton (open) fitted SFRS signals, shown
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Figure 5.1.10 The integrated intensity of the
SFRS signals as a function of excitation energy
for N-doped epilayer. PL solid line, electron
and exciton related signals filled and open
symbols, respectively.

A model is required to account for the observed linearity of the field dependence of
the Raman shift, the finite extrapolation at zero field and the ‘switching on’ of the
transition as the magnetic field is increased.

In addition, the existence of a small

biaxial strain has already been established in these specimens and must also be
included in the model. A suitable Hamiltonian to describe these observations is that
of an exchange-coupled electron-hole pair with an isotropic exchange interaction in
the presence of a biaxial strain. This is given by the following Hamiltonian:
J l-

(5.1)

where the terms and parameters are as previously defined in sections 1.2.5, 1.2.6 and
4.3. The Zeeman terms describe the magnetic field splitting of the conduction and
valence -band spin states.

The band-edge states are further split by the exchange

constant Sj, which accounts for the non-zero extrapolation of the Raman shift at zero
field. The exchange interaction also introduces mixing between the electron and hole
spin states and is therefore responsible for the quadratic magnetic field dependence of
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the integrated intensity. The last term describes the biaxial strain. Terms involving
the exchange interaction 82 and the hole Zeeman parameter q, refer to sections 1.2.6
and 1.2.4 respectively, have been neglected and therefore anisotropic behaviour is
introduced solely by the strain term. Justification for this will be given in section 5.2.
The faint lines in figure 5.1.7 depict all 28 possible Stokes SFRS transitions between
the eightfold excitonic spin states1. The best description of the experimental data is
obtained is when ge = 1.37, gh = 2.2, 81 = 0.10 meV and A = 0.11 meV and is shown
by the bold line.

The value of ge is entirely consistent with the measured g-value

(above) and with that predicted by the five-band third-order k p model.

No such

measurement exist for the hole g-factor for ZnSe-based quaternary alloys and
comparison with k determined in sections 4.2-4 for ZnSe:Li, ZnSe:N and ZnMgSe:N
are not meaningful, since these values are for holes bound to neutral acceptors and are
therefore not directly comparable. An estimate based on the interpolation procedure
adopted in section 3.2 for the quaternary alloys, in conjunction with equation (4.7)
and the relation gh ~

2 k,

yields gh = 1.81. However, it has already been shown that

estimates based on the three-band model for II-VI materials are not accurate *, so this
apparent agreement may be fortuitous. The exchange parameter is comparable with
those determined in other II-VI bulk materials, see discussion below. The strain is
consistent with the other alloy specimens examined in this thesis and is therefore
considered reasonable. Thus, the experimental observations are adequately described
using an excitonic model.

It is interesting to note that the signal attributed to an

electron bound to a neutral donor, above, could not be fitted simultaneously with the
new signal in a satisfactory manner using the excitonic model, indicating that the two
signals may indeed derived from different processes.
It is tempting to speculate as to the origin of the signals. The signal at approximately
3.75 cm'1 (at 6 Tesla) is entirely consistent with that of electron SFRS in resonance
with a shallow donor, as detected in almost all ZnSe-based material. The origin of the
new signal is not immediately apparent.

The presence of the single quantum well

suggests exciton localisation due to interface roughness between the barrier and the
well4,5. However, the doped epilayer sample also exhibited the new signal without the
presence of a quantum well.

Therefore, exciton localisation due to interface

roughness cannot be invoked to explain the results from both types of sample.
Conversely, the barriers in the SQW samples were not intentionally doped, and since
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it becomes progressively more difficult to dope binary, ternary and quaternary ZnSebase material p-type6, see section 4.4, it therefore seems unlikely that sufficient
unintentional p-type impurities exist within the quaternary barriers to meet the SFRS
detection threshold and thereby enable hole spin-flip to be detected. Thus, the signal
cannot be attributed to acceptor bound SFRS. In fact the signal detected in the doped
epilayer is considerably weaker than those detected in the undoped barriers,
suggesting perhaps that the presence of the nitrogen impurities may actually inhibit
the formation of excitons or offer an alternative recombination route preventing
localisation and subsequent detection via this pathway. However, the compositions of
both types o f sample were similar (Mg content ~ 0.1 and S-0.2), suggesting, finally,
the possibility of exciton localisation at potential fluctuations caused by alloy
disorder.
It is possible to obtain strong SFRS when the laser is in resonance with the transition
energies o f exciton localised at quantum wells or potential fluctuations7' 10. In such
cases, the spin-flip occurs in the optically excited, excitonic, state.

The incoming

photon creates the exciton, which undergoes a change in angular momentum through
the intervention of an acoustic phonon, followed by the emission o f a photon of lower
energy in the Stokes process. The localised character of the excitonic wavefunction
leads to the relaxation of ^-vector conservation in the Raman process.

As a

consequence, acoustic phonons throughout the entire Brillouin zone can contribute to
the scattering process, since the phonon continuum can always provide phonons to fit
the Zeeman splitting in this doubly resonant process11. The new signal may therefore
be attributed to a doubly resonant acoustic-phonon mediated spin-flip process. The
interest in such processes stems from the fact that the exchange interaction between
the electron and hole can therefore be measured.
Recently, measurement of the exchange interaction has been the subject of intense
investigation, particularly in structured materials, where the exchange interaction is
enhanced and therefore more easily measured. Reports of exchange constants in bulk
material systems range from 0.1 meV12 to 0.4 meV13 for ZnSe and from 0.02 meV14
to 0.37 meV15 in GaAs. Enhancement of the exchange interaction is anticipated in
1£ 17
quantum well(QW) structures ’ , because the two-dimensional confinement
increases the spatial overlap between the electron and hole wavefunctions. In II-VI
and ffl-V based materials exchange interactions from 0.5 to 6 meV have been
reported in GaAs/AlGaAs16,18,19 and (Zn,Cd)Se/ZnSe20 QW structures, depending on
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material and well width. Similar exchange splittings have been reported for CdS/ZnS
quantum discs a few monolayers thick21 and fractional monolayer insertions of CdSe
in ZnSe matrix22,23.

Substantial enhancements are expected in quantum dot (QD)

systems, as a result o f the three-dimensional confinement24. In CdSe QD21’25 and CdS
QD embedded in glass26 exchange splittings of 12 to 15 meV have been reported.
A preparatory investigation has been conducted on the II-VI quaternary alloy
ZnMgSSe.

A new signal is observed in juxtaposition with the ubiquitous electron

SFRS found in almost all ZnSe based material.

The new signal exhibits a distinct

magnetic field dependent behaviour different from that previously reported in
chapters 3 and 4.

The linewidth of the new signal was broader than previously

observed SFRS signals, the Raman shift remained finite when extrapolated to zero
field and the integrated intensity displayed a quadratic field dependence, such that, the
new signal could not be observed below 2 Tesla.

Significantly, the signals were

observed in two types of sample, a nitrogen-doped epilayer specimen and the undoped
barriers o f a SQW sample. Observation of the new signal in both types of sample was
crucial, since it implied that the new signal was neither doping nor interface related.
An excitonic model accounting for the field dependent behaviour of the new signal
was developed and the origins of the signal have been discussed in terms of exciton
localisation by alloy fluctuations. The effective Hamiltonian to describe the observed
behaviour is that of an isotropic exchange-coupled electron-hole pair in the presence
of a biaxial strain. Four parameters were required to fit the field dependent data, the
electron and hole g-factors, the bulk exchange splitting and the strain splitting. All of
the parameters determined using the excitonic model were found to be reasonable and
consistent with those previously reported. The selection rules governing transitions
within the localised exciton accounted for the observed field dependence of the
integrated intensity of the signal.

In zero magnetic field the pure F = 2 state is

forbidden and therefore completely absent from the optical spectra, with increased
magnetic field the transition gains in oscillator strength because of magneticallyinduced mixing o f the F = 1 and 2 states, allowing the transitions to be observed.
The spectra are therefore interpreted as the superposition of two signals originating
from two distinct processes. The signal at lower Raman shift arises from the spin-flip
of an electron bound to a neutral donor, whilst the slightly broader signal to higher
Raman shift is derived from an acoustic-phonon mediated spin-flip transition within a
localised exciton. The slightly increased linewidth may be an inherent feature of the
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o f the phonon assisted process or may indicate that the resonant excitation probes
localised states possessing a range of exchange splittings.
The composition range examined in this preparatory study was far from exhaustive
and a systematic composition series should be investigated. It has been argued that
exciton localisation by potential fluctuations is responsible for the observed field
dependent spectra and that therefore the results are a manifestation of the physics of
alloying. The crucial test of this assertion is therefore to find supporting evidence in
another material system and this follows in the next section.

5.2 The localising potential in AlGalnP
In the previous section magnetic field dependent measurements suggested the
existence o f excitons localised by potential fluctuations. Potential fluctuations are a
general feature of alloy systems and, therefore, these same effects, if correctly
interpreted, should be observable in other alloy systems.

To test this assertion

evidence o f exciton localisation will be sought in the AlGalnP alloy system. In this
last section the undoped MBE-grown AlGalnP material, initially discussed in terms of
the electron gyromagnetic ratio in section 3.4, is reexamined. The section begins with
a detailed examination of the compositional dependence of the PL linewidth and
lineshape, the composition dependence of the magnetic field dependent signals is then
discussed, followed by the magnetic field dependent investigation of the signals and,
finally, results from the excitation dependence study are presented.
Presented in figure 5.2.1 is the variation of the PL FWHM with composition for the
nominally undoped MBE (open circles) epilayers and, for comparative purposes, data
from the p-type MOVPE (filled circles) AlGalnP epilayer specimens is also presented
(the dotted lines are a guide to the eye).

The two types of sample clearly exhibit

different types of behaviour. Qualitatively, the dependence of the nominally undoped
MBE material is of the form proposed for exciton localisation27,28, whilst the
dependence o f the p-type MOVPE material is consistent with that of bound excitons29.
However, in both cases quantitative estimates predict narrower linewidths than those
obtained experimentally. As discussed in section 3.3, several mechanisms contribute
to the inhomogeneous broadening of the excitonic PL linewidth in alloys30, these
include: i) microscopic statistical fluctuations in the composition x and the ordering
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parameter 77; ii) spatial variation of x and

77

on the macroscopic scale and iii) excitonic

scattering due to defects, such as domain boundaries.

However, insufficient

knowledge o f the microstructure o f these specimens prohibits further quantitative
analysis.
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Figure 5.2.2 The compositional dependence of
the PL lineshape from undoped (AlxGai.
x)o.52hio.48P epilayers grown by MBE. Note
sample with x=0.3 is not from the same growth
series as the other material.

The PL lineshapes of the undoped MBE material are shown in figure 5.2.2, offset in
energy to

facilitate comparison. The lineshape broadens systematically with

increasing aluminium content and becomes progressively more asymmetric.

The

specimen with composition x = 0.3 deviates from this trend; however, as previously
noted in section 3.4, this specimen was obtained from a separate growth series to the
other samples. The complex PL lineshape has been interpreted3 1,32 in terms of exciton
localisation due to the effects of disorder on the excitonic states of solid solutions.
The possibility o f exciton localisation in potential wells produced by large scale
fluctuations of composition was first put forward in reference [27].

Of crucial

importance is the transitional energy that separates localised excitonic states from
delocalised states. In the Mott-Anderson model33 this transition energy is called the
mobility edge, and is well-defined.

However, this idealised model neglects the

influence o f the finite exciton lifetime and the effect of long-range composition
fluctuations, which both contribute to a smearing of the sharp threshold of the
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interband density o f states (DOS), resulting in the formation of localised tail states in
the forbidden gap. The expected dependence of the DOS in the tail is given by27
g(E) ocexp[-(e/s0) 1/2]

(5.2)

where the energy s is measured downward from the excitonic band-edge and So is a
characteristic energy, depending both on material parameters and the composition of
the alloy27. The processes leading to the formation of the luminescence band are
shown schematically in figure 5.2.3. The right hand portion of the figure shows the
energy dependence of the DOS.
DOS o f the exciton band.

The PL lineshape does not directly represent the

Instead, the PL lineshape results from the competition

between the energy relaxation time o f excitons down the disordered exciton energy
band and the recombination time. It should be noted that the position of the effective
mobility edge does not correspond to any singular point in DOS and must be
empirically determined.
Excitons are created in the region of high DOS and possess kinetic energy that
exceeds the amplitude of the potential fluctuations.

Relaxation via rapid

thermalisation reduces the excitons’ energy, bringing them into the region of potential
relief.

In this region spatial migration is possible only through the tunnelling into

adjacent localized states.

Further energy relaxation results in the complete

localisation o f the exciton. The relaxation rate for such a process strongly depends on
the number o f available final states with lower energy and decreases rapidly with the
decrease o f energy within the tail due to exhaustion of final states.

Typically, the

radiative recombination time of the excitons is o f the order of 10'9 s, whereas
characteristic times for phonon-assisted energy relaxation for free particles is o f the
order 10*12 s or less31,32. As a result the emission intensity for the region of fast
relaxation will be small. However, a substantial increase of the emission intensity can
be expected for the spectral region corresponding to the free-to-tunnelling transition.
In this region the high energy border of the emission band should be situated. The
decay o f the emission band intensity to lower energies will be given by the decrease
of the DOS in the tail, equation (5.2). Thus, without recourse to arguments involving
long-range ordering, this qualitative model accounts for two important features of the
luminescence: i) the broadening of the optical transitions with alloying due to the
formation o f a band tail in the vicinity of the band-edge; and ii) the Stokes shift
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between the absorption and PL due to the exciton relaxation and recombination
dynamics.
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Figures 5.2: (3) A achematic representation of band-edge excitonic process. Right part of the
figure shows the energy dependence of the DOS, with the dotted and solid lines corresponding to
the bulk three-dimensional DOS and the exponential decay o f localised states. The left part shows
expected positions of the absorption (dashed line) and PL (solid line); (4) The compositional
dependence of the SFRS spectra from undoped (AlxGai^)0.52lno.48P epilayers grown by MBE. The
composition x is indicated on the right side of the figure. The excitonic signals are labelled a to d
and the electron signal is labelled e.

Parallel to the pronounced dependence of the PL lineshape on composition are
changes in the observed magnetic field dependent signals. Figure 5.2.4 shows the
magnetic field dependent signals obtained from the samples at the excitation energy
of strongest resonant enhancement in Voigt geometry at 6 Tesla. The series of spectra
show the progressive evolution of four distinct new signals with respect to increasing
aluminium content. In the range 0.0<x<0.2 only the signal attributed to donor bound
electron SFRS in section 3.4 is evident in both the Stokes and anti-Stokes portions of
the spectra. At x = 0.3, three Stokes signals are observed; the electron and two new
signals designated b and c. The Raman shift of the dominant signal b corresponds
closely to that o f the hole (~6 cm*1) observed in the doped material, see section 4.5.
The electron signal and the third signal c form two weaker shoulders at lower and
higher Raman shift with respect to signal b. The anti-Stokes portion of the x = 0.3
spectra shows the electron SFRS and signal b. In the samples with x = 0.4 and 0.5 an
additional new signal, a, is observed close to the laser line. Signal c now dominates
the Stokes spectra and is observed at higher Raman shift than in the previous
specimen.

The signal is significantly broader than signal b, its FWHM being

comparable to the excitonic signal observed in the previous section. Signal b is still
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apparent in both samples.

However, the electron signal cannot be resolved on the

Stokes side, but appears in the anti-Stokes portion o f the x = 0.5 spectrum. In Faraday
geometry, see figure 5.2.9 below, one further new signal d is observed. No SFRS
signals were observed in the next sample in the series, x = 0.7, or for those remaining
samples with higher aluminium content, as the indirect X-band becomes the lowest
transition for recombination.
The emergence o f these new signals is intimately linked to the increase in the
aluminium content and the broadening of the excitonic luminescence. Thus, there is a
marked transition, around x = 0.3, at which the signal attributed to bound exciton
electron SFRS diminishes and the new signals, a to d, become dominant.
Significantly, no such transition was observed in the composition dependence o f the
doped AlGalnP samples, section 4.6, although a similar trend was exhibited by the
ZnMgSSe alloys, in section 5.2.
The integrated intensity as a function of magnetic field is shown for the electron
signal in the x = 0.2 sample (open circles) and for signals b and c (filled symbols)
from the x = 0.4, in the composite figure 5.2.5, the inset shows the FWHM
dependence.

The electron behaves in accordance with the donor bound SFRS

reported in section 3.1, whilst signals b and c exhibit analogous behaviour to the
excitonic signal reported in the previous section for ZnMgSSe. Signal d (not shown)
exhibited a similar quadratic field dependence in Faraday geometry. Selected spectra
are presented in figure 5.2.6.
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for two samples with compositions x=0.2 and x=0.4, open and filled circles respectively; (6)
Selected SFRS spectra at the magnetic field strengths indicated on the right of the figure.
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In order to clarify the origin of the observed signals, a to d, a sample with negligible
strain was examined. Figure 5.2.7 shows the transitions (solid lines) predicted using
the excitonic model, equation 5.1, with the strain term equal to zero and with the g~
values ge = 1.634,35 and gh = 2 .135, determined previously for this composition, and an
exchange splitting Sj = 0.16 meV.

With this reasonable parameter set all o f the

observed Raman shifts are accounted for in both Voigt and Faraday field geometries
and in the angular field dependence.

The strain-free sample provides an important

test o f the assumptions made for the excitonic model, equation 5.1.

There is no

significant anisotropy in the Raman shift of the signals with respect to the orientation
of the sample in the magnetic field, indicating that 62 and q are indeed small. Thus,
the neglection o f these terms in the excitonic model is vindicated. Furthermore, the
observed isotropic dependence enables the possibility o f a crystal field splitting,
central to order induced effects, to be eliminated for which a pronounced anisotropic
behaviour is predicted, see appendix D.
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Figure 5.2.7 M agnetic field dependent Raman shifts for the undoped MBE-grown
(Al0 .5 Ga<).5)o.52 lno.48P epilayer. Outer figures show the Faraday (left) and Voigt (right) magnetic
field dependences. The central figure shows the angular dependent variation of the SFRS signals as
a function of magnetic field orientation between the growth axis and the direction of the magnetic
field. The solid lines are the transitions predicted by the excitonic model, equation (5.1).

It is not possible to identify precisely which transitions give rise to the observed
signals. However, the change in total spin projection of the exciton state, Amp, for
each group o f transitions can be determined, see figure 5.2.8. The observed signals
may then be attributed to the following subset of transitions: Ampi and Ampc = 1, Ampd
= 2. Due to the close proximity of signal a to the laser line it was not possible to
distinguish between

Ampa = 0 or 1. Figure 5.2.9 shows the observed spectra for

various polarisation orientations.

In agreement with the selection rules predicted
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using the excitonic model for the observed transitions: Voigt geometry is dominated
by signals b and c, whilst signal d dominates Faraday geometry.

Signal a appears

relatively strongly in z(n,cr)z , but is not apparent in any of the Faraday polarisations,
suggesting that Ampa = 1 is the appropriate selection rule for this transition. The antiStokes of signal c is observed in z{x,cr)z polarisation. Thus, the observed signals, a
to d , can be attributed to transitions within localised excitons.
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Figures 5.2: (8) Schematic representation of the subsets of transitions within the excitonic
manifold; (9) SFRS spectra for different polarisation in various magnetic field geometries.

Figure 5.2.10 below shows the magnetic field dependence and angular dependence for
the sample with aluminium content x = 0.4. To describe completely this sample it was
necessary to include a residual strain A = 0.14 meV, otherwise the parameters were
similar to those stated above for the strain-free sample.
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Figure 5.2.10 M agnetic field dependent Raman shifts for the undoped MBE grown
(Al0.4Gao.6)o.52lno.48P epilayer. See figure 5.2.7 for other details.
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Figure 5.2.11 shows the SFRS intensity variation o f signal b and c as a function of
excitation energy for two samples with different degrees of ordering, but with the
same composition, x = 0.4.

Once again the strongest resonance is obtained on the

high energy side o f the normalised PL peak. However, the separation between the
peak of the SFRS intensity profile and the PL peak is noticeably greater in the case of
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Figures 5.2:
(11) SFRS resonance profile data superimposed on the PL spectra
(Al0 .4 Gao.6 )o.52 lno.48P.
The SFRS data was fitted using equation (1.39). signals b and c
corresponding to circles and squares, substrate orientations 15° (nearly disordered) and 0° (partially
ordered) towards the ( l l l ) B direction; (12) The SFRS spectra in (Al0 .4 Gao.6 )o.52lno.48 P epilayer for
three excitation energies: A = 2.252, B = 2.233, C = 2.214 meV are shown. Spectra normalised to
peak b. Inset shows the position of excitation in relation to PL; (13) Spin-flip Raman shift as a
function of excitation energy for (Alo.4 Gao.6)o.52 lno.48P epilayer S87(0°); (14) Magnetic field
dependences in Voigt geometry as a function of excitation energy for (Al0.sGao^o^hkMsP- The
SFRS data was fitted using excitonic model equation (5.1), see text for details. Inset shows
dependence o f the exchange energy, determined using excitonic model, on excitation energy.
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the more ordered specimen. In both cases the FWHM of the SFRS profile is narrower
than the corresponding PL FWHM, suggesting that the latter does not arise from a
single process.
Spectra in resonance with the PL band at different excitation energies are shown in
figure 5.2.12. The spectra were normalised to the integrated intensity of peak b. It is
evident from this figure that the Raman shift of signal b is independent of excitation
energy, whilst the Raman shift of signal c reduces as the excitation energy is
increased.

These findings are entirely consistent with the model, see figure 5.2.8,

provided the observed splitting between the F = 1 and F = 2 excitonic states is
permitted to be a function of the excitation energy. The systematic trend is shown
clearly by the fitted data in figure 5.2.13.
To investigate this behaviour further a series o f magnetic field dependence
measurements were performed as a function of excitation energy.

Figure 5.2.14

shows the Voigt geometry data obtained from the strain-free specimen with x = 0.5.
The data were fitted using the excitonic model, equation (5.1). It is important to note
that all the fitted curves were obtain by adjusting one parameter only, the exchange
splitting Sj.

The inset, figure 5.2.14, shows the exchange energy E&, determined

using the excitonic model, as a function of excitation energy. It is clear, from the
inset, that the exchange constant is linearly dependent on excitation energy.

The

constant o f proportionality for the specimen was 0.0074. Experiments conducted on
specimens with different composition and degrees of ordering produced the same
result, that is, the exchange energy is a linear function o f energy. Figure 5.2.15 shows
the normalised PL spectra from two samples with the same composition x = 0.4, but
different degrees o f ordering, the PLE36 from the disordered sample is also shown,
together with the exchange energy data, determined using the excitonic model, as a
function o f excitation energy from the two specimens.

Extrapolation of the data

indicates that both sets of data converge to the same point, which corresponds closely
with the peak in the absorption.

This convergence suggests the existence of an

effective excitonic mobility edge, below which transitions within localised excitons
become observable through acoustic-phonon assisted SFRS.

The excitation energy

may then be interpreted as a localisation energy Eioc, corresponding to band tail
potential fluctuations of different depths.

The excitonic wavefunction experiences
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stronger confinement as the well depth increases, producing a commensurate change
in the exchange interaction, thus accounting for the observed excitation dependence.
0 .3 0
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Figure 5.2.15 Excitation energy dependence of exchange energy, determined using the excitonic
model, for (Al0 4Gao 6)o 52lno 48? epilayers with partially ordered (open circles) and nearly disordered
(filled circles) material. Nearly disordered PL and PLE solid and dotted lines. Partially ordered PL
dashed line.

The existence of an effective mobility edge in a disordered system has never been
satisfactorily established experimentally37, since it is not manifest in optical spectra.
Previous attempts to determine its position have relied on empirical definitions, such
as, the portion o f the spectrum where the radiation intensity was reduced to -1 0 ' of
the value of the emission band maximum38.

However, the convergence of the

excitation dependence of the exchange energy to the same point may indicate the
existence of an effective mobility edge.
The relation between the exchange splitting E& and localisation energy Eioc may be
understood more fully by consideration o f the confining potential.

Considering the

effect of localisation on the exciton wavefimction by a one-dimensional potential well
of depth Vo and with a width which is small compared with the exciton radius. The
square of the amplitude o f the exciton wavefimction y/(0) becomes enhanced by a
factor:
(5.3)
If the exciton is localised by a two-dimensional potential, the increase in y/(0)2 will be
given by cr2, assuming that there is no change in the wavefimction in the direction
normal to the plane of the well.

Similarly, if the localisation is caused by a three
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dimensional fluctuation, y(0) 2 will be enhanced by c?. Thus, in accordance with the
simple model, a linear dependence is provided by a weak two-dimensional confining
potential with the gradient given by
Ea

2 m ^ a \E ™ m

Kc

m.

i
(

}

A linear relationship was recently reported22,23 for fractional monolayer insertions of
CdSe in ZnSe. The CdSe is believed to form two-dimensional disc-like structures, the
lateral extent of which in the layer plane is much smaller than the exciton radius.
j n

Using appropriate excitonic values of the bulk exchange splitting Eex
the Bohr radius ao = 50

A and the reduced mass m* -

a

c

=0.13 meV ,

0.13 the gradient predicted using

the above expression is 0.026, this compares favourably with the experimentally
determined gradient of 0.022.

In the present case, the bulk excitonic exchange

splitting is not known for AlGalnP. However, using the gradient 0.0074 determined
from figure 5.2.14, together with reasonable estimates of the excitonic Bohr radius
and the reduced effective mass, 64

A and 0.096 respectively,

the following prediction

of the bulk exchange splitting for AlGalnP was obtained, E j D — 0.03 meV; which,
though small, is consistent with values reported for other IH-V semiconductors.
The compositional dependence of the alloy AlGalnP has been investigated using PL
and SFRS in the range CKx<0.5. A qualitative explanation of the Stokes shift between
the PL and absorption maxima and the gradual broadening of the PL linewidth, with
increasing A1 content, in terms of exciton localisation at alloy fluctuations has been
given. A remarkable evolution of the magnetic field dependent signals with
composition was observed in parallel to the compositional dependence of the PL: this
was also explained in terms o f exciton localisation at alloy fluctuations. In the range
CKx<0.2 only bound exciton electron SFRS was observed; however, in specimens
with higher A1 content, 0.3<x<0.5, the Stokes signal was either absent or unresolvable
and only weakly present in the anti-Stokes portion o f the spectra. Instead, four new
signals were observed, that displayed analogous magnetic field dependent behaviour
to the signal attributed to the localised exciton reported in the previous section for
quaternary ZnSe-based alloys.

The observed transition from the bound exciton

regime to that of excitons localised by potential fluctuations may possibly be
attributed to quenching of the bound exciton states by the fast exciton localisation at
alloy fluctuations.

The excitonic model proposed in section 5.1 was found to be

equally successful in describing the phosphide-based material results.

Reasonable

ill

parameters were determined using the excitonic model for material with different
composition, strain state and states of ordering.

The signals were all attributed to

subsets o f the excitonic manifold. These assignments were supported by polarization
measurements.

Furthermore, the opportunity to investigate a strain-free specimen

provided an important test of the assumptions made in developing the excitonic model
in section 5.1. The signals were found to be isotropic with respect to the orientation
of the magnetic field in the absence of strain, justifying the neglection of anisotropic
valence-band spin-Hamiltonian q and exchange interaction 82 parameters. In addition
it demonstrated that order induced effects were not significant.
In contrast to the reported findings in the previous section, the excitation dependence
of the exchange splitting 81 was found to depend linearly on the localisation depth. A
simple model put forward accounting for this linear dependence implied that the
excitons were localised by a weak two-dimensional confining potential. The model
was found to predict correctly the order of magnitude of the proportionality constant
for CdSe/ZnSe system, reported elsewhere, and to provide a reasonable estimate of
the three-dimensional exchange constant in AlGalnP, given the experimentally
obtained constant of proportionality.

In the CdSe/ZnSe system the fractional

monolayers are known to form two-dimensional islands. The detailed microstructure
of the AlGalnP material examined here was unknown; however, considering the
tendency o f AlGalnP to manifest spontaneous long-range CuPt-type ordering, the
formation

of two-dimensional

islands

in the

MBE-grown

material is not

implausible39*41. Further work is required to establish the correlation between the
microstructure and the observed linear dependence.
Examination o f two specimens with the same composition x = 0.4, but different
degrees of ordering, yielded a further intriguing result.

The extrapolation of the

exchange parameter as a function of excitation energy for both sets of data converged
to the same point, which corresponded closely to the peak in the absorption. This
convergence may indicate the existence of an excitonic mobility edge.
All o f the observations obtained in this section have been explained qualitatively in
terms o f exciton localisation.

Additionally, the excitonic model and the model of

exciton localisation have provided quantitative results that compare favourably with
the experimental findings. Thus, compelling evidence has been established indicating
that the III-V quatemaiy alloy AlGalnP exhibits effects of weak excitonic localisation
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at potential fluctuations. Furthermore, through the distinct magnetic field dependence
observed using SFRS, it is clear that these results are directly analogous to those
observed in the II-VI quaternary alloy ZnMgSSe, indicating that exciton localisation
in disordered alloys is indeed a general phenomena.
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Conclusion
The behaviour of electrons, holes and excitons in binary, ternary and quaternary widebandgap II-VI and m -V semiconductor alloys have been investigated, using
photoluminescence, resonant vibrational Raman scattering and spin-flip Raman
scattering spectroscopies.

The emission energies of the alloys spanned almost the

entire visible spectrum (3.1 eV to 2.3 eV). The continuous wave excitation in the
desired spectral range was achieved after considerable effort using tuneable dye
lasers.

The k-p approximation was employed throughout the study for the

interpretation of the magneto-optical spectroscopic results.
An excellent illustrative example o f a binary alloy was provided by ZnSe, which
exhibits all of the characteristic optical features commonly associated with binary
alloys, such as narrow excitonic emission lines and donor-acceptor pair luminescence;
in addition, strain, introduced by a relatively small lattice mismatch for epitaxial ZnSe
on GaAs substrates, and the compensation process have been studied extensively.
Furthermore the principle investigative technique SFRS has a proven ability in the
examination of the excitonic features o f ZnSe. The ZnSe material examined using PL
and SFRS was produced using a variety of growth techniques and had a wide range of
crystal qualities, doping concentrations and dopant species. Despite variation in the
impurity species and crystal quality the electron SFRS signal was invariably detected,
in resonance with the free-exciton or shallow donor, with its characteristic
gyromagnetic ratio in ZnSe. The insensitivity of the electron gyromagnetic ratio to
the chemical species of shallow donor and to the local environment was attributed to
the extended nature of the electron wavefunction.

This is also manifest in the

magnetic field dependence of the shallow donor SFRS, which revealed that the
FWHM is independent the field strength and that the integrated signal intensity was
only weakly field dependent. In contrast the magnetic field dependence of acceptor
bound hole SFRS was found to differ significantly between specimens, although the
systematic trends were the same, that is, the FWHM suffered field dependent
inhomogeneous broadening, whilst the integrated intensity displayed a quadratic field
dependence, but remained finite at zero field.

These results reflect the greater

sensitivity of the hole to its local environment, produced by the relatively small extent
of the hole wavefunction. Thus the magnetic field dependence o f the electron and
hole bound to neutral impurity centres was established.
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In earlier work a model was developed, based on the Luttinger spin Hamiltonian and
the Bir and Pikus strain Hamiltonian, that accounted for the variation of the SFRS
signals with the orientation of the magnetic field in biaxially strained material. This
model enabled the valence band spin Hamiltonian parameters for nitrogen acceptors
to be deduced, together with the sign and magnitude o f the strain within the epilayer.
The model predicted isotropic behaviour for conduction-band related states and
manifestly different anisotropic behaviours for the light and heavy hole valence band
states, thus, enabling the different valence band states to be distinguished. It was also
demonstrated that precise determination of the strain splitting was also possible for
layers in which the strain splitting was too small for the excitonic transitions involving
the light and heavy hole states to be resolved by PL and PLE.

Thus, it was

demonstrated that hole SFRS provides an extremely sensitive probe of small strains.
The alternative p-type dopants lithium and phosphorus in ZnSe were investigated.
The presence o f an anomalous PL feature in phosphorus-doped ZnSe has been the
subject of controversy. In this study SFRS was instrumental in the identification of
the PL feature, suggesting that it formed as a consequence of the existence of a
compensating phosphorus shallow donor centre. Although further work is required to
confirm these findings, this result is significant, because the existing models of
compensation are nitrogen specific and little attention has been paid to the alternative
p-type dopants. Selective excitation and a SFRS resonance profile enable the binding
energy, which is slightly larger than the principal substitutional donors, to be
estimated. The first observation o f the lithium acceptor spin-flip signal has also been
reported, with acceptor spin-Hamiltonian parameters similar to those determined for
nitrogen acceptors in unstrained ZnSe epilayers. This agreement is not coincidental,
since both nitrogen and lithium have similar binding energy depths. In order to gain a
deeper insight into the p-type doping and compensation processes in ZnSe it is
essential that further studies of alternative dopants are conducted.
The introduction o f small amounts o f isoelectronic impurities was found to have a
dramatic effect on the band-edge luminescence in the II-VI and IH-V alloys
examined.
alloy

The random distribution of atoms on their respective sublattices in the

systems

semiconductors,
semiconductor.

introduces

new

which

strongly

physics

not

influences

found
the

in elemental

optical

or binary

properties

of the

The narrow emission lines observed in the PL spectra of binary

materials are strongly modified and pronounced inhomogeneous broadening of the
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excitonic features resulted. Crucially, SFRS signals were found not to suffer from this
broadening and sharp spectral SFRS features were observed for excitation in
resonance with the inhomogeneously broadened luminescence. A striking feature of
ternary and quaternary SFRS spectra was the simultaneous observation o f conduction
and valence -band related signals, presenting the difficulty of the definitive
identification of these signals. This does not occur in binary material for which the
excitonic centre transition energies are distinct and well-defined. The problem was
overcome in the alloys by exploiting of the sensitivity of the hole SFRS signals to
strain. The presence of a small strain or its deliberate introduction, via the removal of
the substrate, enabled the unambiguous identification of SFRS signals. The deliberate
introduction o f strain in a p-type GalnP epilayer enabled the definitive identification
of the electron and hole SFRS signals. Thus, analysis of the anisotropic hole SFRS
signal provides an extremely powerful method for identifying the origin of the
observed signals; in addition to precisely determining the strain in the near latticed
matched epilayers.
The influence of substrate orientation on the PL and SFRS from GalnP was also
examined. The near-Gaussian PL lineshape was found to be broadened symmetrically
with increased substrate misorientation. The observed behaviour was attributed to the
dependence of domain size on substrate orientation, implying, in this instance, that the
domain size determined the excitonic linewidth. These findings were in agreement
with the phenomenological explanation offered by Zunger et al. The SFRS electron
gyromagnetic ratio was found to be completely insensitive to the substrate orientation,
despite a significant change in the bandgap energy, possibly indicating that the lateral
extent o f the ordered domains is on a scale less than that of the excitonic radius in the
MBE material.
The first measurements of the compositional dependence of the electron and hole
gyromagnetic ratio in the quaternary alloy system (AlxGai.x)o.5 2 tno.48 P, in the range
0<x<0.5, were reported.

Reasonable agreement was found using three-band k-p

theory between the predicted compositional dependence of electron gyromagnetic
ratio and the experimentally measured values, enabling discrimination between
different sets of bandstructure parameters reported in the literature.

However, as

expected the agreement was poorer for the hole dependence. Despite a pronounced
change in the bandgap, variation of the spin-orbit splitting and the energy momentum
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matrix element conspired to produce only a weak compositional dependence o f the
electron and hole gyromagnetic ratios.

In contrast the trend in compositional

dependence of the electron gyromagnetic ratio in the quaternary alloy system
ZnMgSSe was found to be a pronounce function of the bandgap energy. This was
also adequately described using k p

theory, although a five-band third-order

expression was required. Many important bandstructure parameters essential for the
k p calculation are as yet undetermined for these alloys and were estimated using
simple arguments based on other II-VI and Ht-V materials.

A further interesting

comparison between the alloy systems concerns the feature observed on the low
energy side o f the dominant excitonic emission band in the PL spectra. Observation
of analogous features in both ZnMgSSe and AlGalnP alloys corresponding closely in
each case to the dominant vibrational modes of the respective alloy, strongly suggest
the identification of the feature with a phonon replica.
In addition to the features observed in ternary alloys new field dependent phenomena
were observed in the quaternary alloys. Previously unreported signals were observed
in resonance with the broad luminescence emission band of the quaternary alloys
ZnMgSSe and AlGalnP. In both alloys the signals exhibit analogous behaviour. A
preparatory investigation conducted on the II-VI quaternary alloy ZnMgSSe indicated
that the new signals were neither doping nor interface related.

Whilst a more

comprehensive study o f the alloy AlGalnP demonstrated that the signals were
observed for a variety of different compositions, strain states and states of ordering.
The new signals were observed in juxtaposition to the commonly detected impurity
bound or free-excitonic SFRS signals. The new signals exhibited a distinct magnetic
field dependent behaviour different from that previously reported for impurity bound
centres. The linewidth o f the new signals were broader than the previously observed
SFRS signals, the Raman shift remained finite when extrapolated to zero field and the
integrated intensity displayed a quadratic field dependence, such that, the new signals
were not observed below a threshold magnetic field strength. An excitonic model was
proposed, which accounted for all of the observed magnetic field dependent behaviour
in terms of intra-excitonic transitions between electric-dipole allowed and forbidden
states o f an isotropic exchange-coupled electron-hole pair in the presence of a biaxial
strain. The proposed excitonic model required four parameters, the electron and hole
gyromagnetic ratios, which had been determined earlier in this investigation, the strain
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energy, which had also been previously determined, and the excitonic exchange
splitting energy, which was undetermined for both alloys, but was expected to be of
the order o f a few meV by analogy with bulk binary alloys.

The successful

application of this excitonic model in conjunction with other experimental
observations indicated that the correct interpretation of the findings was that of
exciton localisation by alloy fluctuations. The observed magneto-optical signals were
therefore attributed to acoustic-phonon mediated spin-flip transitions within a weakly
localised exciton.

Further support for this hypothesis came from the observed

dependence of the exitonic luminescence linewidth and lineshape on the aluminium
content of the MBE-grown AlGalnP alloys. This could be accounted for qualitatively
using the model o f band-edge smearing proposed by Baranovskii et al. This model
also naturally accounted for the observed Stokes shift between the PLE and the PL.
Finally, attempts to model the data using a crystal field splitting, central to the
phenomenological explanation proposed by Zunger et al for ordered systems, resulted
in pronounced anisotropic angle dependent behaviour, relative to the orientation of the
magnetic field and the growth axis, which was not observed experimentally.
The emergence of the excitonic signals in the phosphide-based material was
intimately linked to the increase in the aluminium content and the broadening of the
excitonic luminescence. A marked transition occurred at which the signal attributed
to bound exciton electron SFRS diminished and the excitonic signals became
dominant. The transition from the bound exciton regime to that of excitons localised
by potential fluctuations was attributed to quenching of the bound exciton states by
the fast exciton localisation at alloy fluctuations. Significantly, no such transition was
observed in the p-doped AlGalnP grown by MOVPE, for which the PL and SFRS
spectra exhibited compositional dependent behaviour that could be attributed to bound
excitonic processes.
The highly selective nature of SFRS, in resonance with the excitonic emission band,
enabled excitons at varying degrees of localisation to be detected.

The excitation

dependence of the exchange splitting, determined using the excitonic model, was
found to depend linearly on the localisation depth in the AlGalnP material grown by
MBE. A simple model put forward accounting for this linear dependence implied that
the excitons were localised by a weak two-dimensional confining potential.

The

model was found to predict correctly the order of magnitude of the gradient of the
exchange energy as a function of localisation energy for CdSe/ZnSe system, reported
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elsewhere, and to provide a reasonable estimate of the three-dimensional exchange
constant in AlGalnP, given the experimentally obtained gradient. The fact that the
experimentally determined exchange constant corresponds closely to the bulk value in
m -V materials and not to those of the low-dimensional systems, further supports the
assertion that the excitons are weakly localised and not subject to strong confinement.
This is entirely consistent with the nature of localisation by potential fluctuations.
The extrapolation o f the exchange energy as a function of excitation energy for two
specimens with the same composition, but different degrees of ordering converged to
the same point, which corresponded closely to the peak in the absorption.

This

convergence may indicate the existence of an excitonic mobility edge, below which
the localised character of the excitonic wavefunction leads to the relaxation of the kselection rule, enabling transitions within the exciton to become observable through
acoustic-phonon assisted SFRS. Previous to these measurements, the existence of the
mobility edge had never been satisfactorily established experimentally. In contrast to
the above findings the excitation dependence of the excitonic signal in ZnMgSSe was
found to be independent o f excitation energy.

However, unlike the MBE-grown

phosphide-based material, which has only cation substitution, the ZnMgSSe material
is subject to both cation and anion isoelectronic substitution. The latter is therefore
believed to result in stronger excitonic localisation.
Measurements indicate that alloys have a well defined energy bandstructure
analogous to those of conventional binary semiconductors, implying that any variation
in the nominal alloy composition or crystal structure occurs on a dimension
significantly smaller than the excitonic radius.

Conversely, the phonon Raman

scattering results show the clear presence of interactions between optical phonons and
binary semiconductor vibrational modes, indicating that on the scale of the unit cell
alloys do not behave like the homogeneous materials of the virtual crystal
approximation. This is supported by EXAFS studies. The detailed microstructure of
the alloys examined is not fully understood.

In GalnP the effects of long-range

ordering are well established and the existence of antiphase boundaries in partially
ordered material has been shown to form disc-like islands and these islands have been
correlated with the detection of localised excitonic emission by micro-PL
measurements.

In AlGalnP the tendency to order may increase with increasing

aluminium content, though, further work is required to confirm this.

The alloy

ZnMgSSe does not exhibit long-range order, despite the theoretical prediction of large
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ordering effects in virtually all IH-V and II-VI alloys. The role of short-range order in
both alloys has received little or no attention. In terms of growth method it is widely
accepted that MOVPE-grown material exhibits a greater propensity to spontaneously
long-range order, than material grown by MBE. Interestingly, the partially ordered
AlGalnP MOVPE material examined in this study did not exhibit the intra-excitonic
signals: this may be related to the fact that this material was doped and doping, in
sufficient quantities, is known to prevent ordering. Excitonic signals were detected in
doped ZnMgSSe material; however, they were notably weaker than those detected in
the undoped ZnMgSSe barrier samples. The issues relating to the microstructure are
complex, involving: doping, domain size and long and short -range ordering.

The

two-dimensional nature of the antiphase boundaries may account for the observed
linear dependence of the exchange splitting observed in the MBE-grown AlGalnP
material and the presence of impurity dopants may be responsible for the absence of
excitonic signals in the partially ordered p-type MOVPE material. However, given
the ad hoc nature o f the samples examined and the current level o f knowledge
concerning the alloy microstructure, it is not possible to differentiate between the
various contributing factors and identify with certainty the origin of localisation. It is
therefore apparent that the determination of the detailed microstructure is essential in
order to obtain a complete understanding of these alloys.
It is evident that SFRS spectroscopy is now a well established technique in the study
of electron, hole and excitonic features in binary, ternary and quaternary widebandgap II-VI and IH-V alloys.

SFRS has played a decisive role in augmenting

investigations o f material issues involved with growth and doping. Fundamental to
the success of the technique is the highly resonant nature of the process and the
consequent selectivity, which has enabled the precise determination of the excitation
energy of the centre under investigation, the determination of important bandstructure
parameters and the strain splitting in the epilayer to be determined in small sample
volumes.

Furthermore, the ability to determine the excitonic exchange energy,

analysis of anisotropic hole identifying signals and the determination of small strains,
coupled with the ability to obtain spectral information on a scale much finer than the
inhomogeneous PL linewidth in alloys systems, make SFRS a powerful tool in the
investigation of the epitaxially grown latticed matched heterostructures essential for
device fabrication.
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To interpret the spectroscopic results presented in this thesis required a thorough
understanding o f the fundamental properties of the materials involved. The k p theory
has provided an essential insight into the nature of the binary, ternary and quaternary
semiconductor alloys and has proved successful in predicting their behaviour, thus
providing a rigorous test of the k p bandstructure theory and confirming the validity of
applying the method to wide-bandgap alloys.
The nature of excitonic localisation unites the somewhat disparate elements of this
thesis. This localisation may take place via excitons binding to impurity centres, as
predominantly occurs in binary alloys, or as has been argued, by exciton localisation
at potential fluctuations in ternary and quaternary alloys. Compelling evidence has
been presented to justify the latter assertion, indicating that the magneto-optical
signals observed are indeed derived from intra-excitonic transitions produced by
excitons weakly localised at potential fluctuations. Crucially, analogous features were
observed in two distinct alloy systems, indicating that the observed phenomena are
indeed a general feature of alloy systems.
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Appendix A - Group tables
Table A l Character table and basis functions for Td.

Td

E

E

8C3

6S a

3Cx
3C,

rt
r2
r3
r4
r5
r6
r7
r8

1
1
2
3
3
2
2
4

1
1
2
3
3
-2
-2
-4

1
1
-1
0
0
1
1
-1

1
1
-1
0
0
-1
-1
1

1
1
2
-1
-1
0
0
0

6S4

6iS4

1
-1
0
1
-1
<2

1
-1
0
1
-1

W2

W2
V2

0

0

6ad
6ad
1
-1
0
-1
1
0
0
0

Basis
R or xyz
SxSy SI
Sy, S2
x,y, z
<ji(\l2, -1/2), # 1 /2 ,1 /2 )
# 3 /2 , -3/2), # 3 /2 , -1/2)
# 3 /2 ,1 /2 ), # 3 /2 , 3/2)

Table A2 Multiplication table for Td.

r, r2
r, r2
r,

r3
r3
r3

r4
r4
r5
r4+rs
ri+r3+r4+r5

r8
r7
r6
r6
r7
r8
r7
r6
r8
r8
r8 r6+r7+r8
r 2jri~3+jr4+r's r6+r8 r7
+r8 r6+r7+2r8
r,+r3+r4+r5 r7+r8 r6+r8 r6+r7+2r8
n+r4 r2+rs r3+r4+r3
n+r4 r3+r4+r3
jn+r2
+r3
+2r4+2r3
r5
r5
r4
r4+r5

rt
r2
r3
r4
rs
r6
r7
TT8
1

/

i

'

\

\

V
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Appendix B - Sample details

Sample

Source

Growth method

Layer thickness

Main dopant

1389

Regensburg

MOVPE

0.6 pm

N

ZSe 13

Lecce

MOVPE

0.8 pm

N

EPI-649

Valbonne

MBE

2.2 pm

P

N116

NEWI

MOVPE

1.8 pm

N

K106

Berlin

VPT

3x3x1 mm

Li

K5

Berlin

VPT

2x2x1 mm

Li

Li
K52
3x1x1 mm
Berlin
VPT
3x1x1 mm
Li
U117
Berlin
VPT
K79a
N
Kyoto
MOVPE
2.5 pm
S207
Bremen
MBE
Cl
&N
0.5 pm
Table B1 Sample details of ZnSe bulk and epitaxial material, grown by various
methods including vapour phase transport (VPT).

Nd .
Nd - N a
-ray rocking curve
GaP Cell
(cm'3)
(cm 3)
FWHM (arc s)
Temperature(°C)
S116
lxlO 13
3 xl014
660
170
S117
lxlO 17
3 xl016
800
lxlO 19
190
SI 19
3 xl018
980
Table B2. Details o f co-doped ZnSe:Ga:P epilayers referred to in section 4.1. The
specimens were grown in Bremen by MBE, with an epilayer thickness o f 1.7 pm.

Sample

-

Sample

x

y

(1017cm‘3)

(pm)

Rocking curve
FWHM(arc s)

MS-p327

0.14

0

~2

1

661

MBE

ZS-p219

0

0.27

~2

1

463

MBE

ZS-p220

0.10

0.22

~1

1

210

MBE

S54

0.07

0.12

-

-

-

MOVPE

Znj.xMgxSySei.y

Na-N d

Thickness

Growth
method

Table B3 p-type ZnMgSSe epilayers doped with nitrogen. All samples grown in
Bremen, with the exception of MOVPE specimen which was grown in Kyoto.
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Sample

Zni.xMgxSySei.y Barrier
X

Barrier

ZnSe SQW

Growth

thickness (nm)
400

width (nm)
20

technique
MBE

S0086

0.11

y
0.20

S0085

0.11

0.20

400

10

MBE

S0084

0.11

0.20

400

5

MBE

Table B4 ZnSe single quantum wells (SQW) with undoped ZnMgSSe barriers.
Grown at Bremen on GaAs substrates overgrown with a GaAs buffer layer and a 5 nm
ZnSe buffer layer.

Grower
Doping /
Growth
Aluminium
Substrate
composition Orientation
Technique
xlO17 cm'3
S830
0.0
Sharp
0
undoped
MBE
S837
0.0
Sharp
7
undoped
MBE
S8310
0.0
Sharp
10
undoped
MBE
S83
0.0
Sharp
15
undoped
MBE
S271
Sharp
0.2
15
undoped
MBE
S167
0.3
Sharp
10
undoped
MBE
S870
0.4
Sharp
0
undoped
MBE
S87
0.4
Sharp
15
undoped
MBE
0.5
S88
Sharp
15
undoped
MBE
S89
0.7
Sharp
15
undoped
MBE
S90
0.85
Sharp
undoped
15
MBE
1.0
S85
Sharp
15
undoped
MBE
0.0
EPI
52539C
1-2
MOVPE
0.18
52541C
1-2
EPI
MOVPE
0.25
52542C
1-2
EPI
MOVPE
0.31
EPI
52543C
1-2
MOVPE
0.39
52580C
EPI
1-2
MOVPE
52581C
0.46
1-2
EPI
MOVPE
Table B5 MBE and MOVPE (AlxGai.x)o.52 lno.4 8 P epilayers. The undoped MBE
material was produced by Sharp Laboratories of Europe Ltd. The p-type MOVPE
material was produced by Epitaxial Products International Ltd (EPI) and doped using
Zn.
Sample
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Appendix C - AlGalnP Vibrational Raman Spectra
The compositional dependence o f the vibrational Raman spectra in GalnP has been
extensively studied1'3; however, AlGalnP has received less attention4,5.

Results

obtained from vibrational Raman studies are presented here for (AlxGai.x)o.5 2 lno.48 P
epilayers grown by MBE, in the composition range 0<x<0.5; similar results were also
obtain for the MOVPE material.
Presented in figure C l are the ‘out-going’ vibrational Raman spectra, normalized to
the InP-like mode intensity, exhibited by MBE grown (AlxGai.x)o.5 2 lno.48 P at 1.5 K.
The spectra were obtained by direct resonant excitation o f the excitonic emission
band. The Raman peaks at 449, 385 and 365 cm'1 correspond to A1P, GaP and InPlike LO-phonon modes4,5, respectively.

The weaker peak at 329 cm'1 has been

identified as the InP-like TO-phonon mode5 and is normally forbidden by the Raman
1.5 K

AIPLO
InP LO
GaPiLO

Normalised Intensity / a.u.

r InP TO

O

x = 0 .5 -

x = 0.4

-P L

x = 0.3
35
X = 0 .2 j
x = 0.0J

350
sharpho.spw

400

450

Raman shift / cm’1

Figure
Cl
Low temperature resonant
vibrational Raman Spectra of MBE (AlxGai.
*)o.52 lno.48 P epilayers, for the compositions
indicated on the diagram.

0.0

0.1

ephon2.spw

0.2

0.3

2.00

1.95

1.90
0.4

0.5

0.6

com p0sition x

Figure C2 Compositional dependence of the
energy separation between the dominant and
unidentified PL feature (see inset), for MBE
(cirlces) and MOVPE (squares) epilayers.

selection rules in backscattering geometry for zincblende-type crystals; however, its
presence is attributed to the relaxation of the ^-conservation law due to alloy disorder.
The AlP-like and InP-like modes display a distinctive asymmetric lineshape, which in
some studies has been correlated with long-range CuPt-type ordering6 and explained7
in terms of the zone folding of the L point phonon leading to the formation of the
shoulder on the low energy side of the zone centre phonon mode.
o

asymmetric lineshape is also observed in ZnSe-based

However, this

i r\

materials ' , for example the

ZnSe-like phonon mode in ZnMgSe (inset figure 3.2.1) exhibits a distinct asymmetry,
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despite the fact that these alloys do not manifest a strong tendency to exhibit longrange order.

In the latter case the low energy tail has been attributed to substitutional

disorder in the so-called spatial correlation model11.

According to this model

breakdown o f the ^-selection rule occurs, due to the presence of substitutional
disorder, enabling contributions to be made from modes of the LO branch whose
wavevector is in the vicinity o f k = 012.
Figure C2 shows the compositional dependence of the energy difference between the
peak position o f the dominant excitonic emission in the PL band and the weaker
feature to lower energy (see inset), for MBE (open circles) and MOVPE (filled
circles) grown (AlxGai.x)o.5 2 lno.48 P material. The energy difference displays a linear
dependence with composition for both types of material, within the energy ranges
corresponding to the AlP-like and InP-like mode energies of 56 and 45 meV,
respectively. The linear dependence is in accord with the change in intensity of the
respective phonon modes with composition, as shown in figure C l, implying that the
lower energy PL feature is a phonon replica. Observation of an analogous feature in
the PL spectra o f the ZnMgSSe alloy separated by an energy corresponding closely to
the dominant ZnSe-like mode, supports this identification.
460

460

Raman shift / cm*

1.5 K
440

440

420

420

400

” 400
GaP LO

GaP LO

380

« 380

360

360

InP LO

340

InP LO

340

InP TO

320

InP TO

320

0.0

0.1

Spho4

0.2

0.3

0.4

0.5

2.235

Composition x

Figure C3 Compositional
phonon modes

S87pho3

dependence

of

2.240

2.245

2.250

2.255

2.260

Excitation energy / eV

Figure C4 Excitation dependence of phonon
modes

The compositional dependence of the observed modes is presented in figure C3. It is
evident from this figure that the pronounced dependence of the A1P and GaP-like
modes provide an opportunity to determine the composition from the Raman shift of
the modes.

Unfortunately, for the technologically more significant wider bandgap

compositions, 0.3<x<0.5, the variation is small. Therefore, accurate determination of
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composition in this important range may be impracticable using vibrational Raman
spectroscopy.
Finally, in an endeavour to determine if compositional variation was directly
responsible for the broad excitonic linewidth, vibrational Raman scattering as a
function of excitation energy was attempted in resonance with the excitonic emission
band, for the specimen with x = 0.4.

The results are shown in figure C4.

No

discemable variation was detected, indicating that vibrational modes are either
independent o f excitation energy or that the change in composition is too small to be
detected using this method.

Considering the small variational dependence of the

mode Raman shift as a function o f composition the latter point seems likely.
The origin of the asymmetric phonon mode lineshape is currently ambiguous and
interpretation o f vibrational Raman spectra will remain contentious until this issue is
resolved.

Difficulties in AlGalnP are further compounded, because for the

technologically important compositions the rate of change o f mode frequency with
composition is small, indicating that vibrational Raman studies may not be useful for
these compositions. It is evident that the correct interpretation of the Raman spectra is
dependent on a more complete understanding of the microstructure of the alloy.
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Appendix D - Lithium doped ZnSe
It was reported in section 4.2 that two o f the lithium-doped crystals, samples U17 and
K5, exhibited additional signals in resonance with the D°X and FE, which to the best
of our knowledge have not previously been reported in the literature. In this appendix
the SFRS results are presented and a tentative interpretation is given in terms of an
excitonic exchange interaction.
High field SFRS spectra1 obtained in resonance with D°X from the bulk lithiumdoped ZnSe sample U17 are presented in figure D l.

At 14 Tesla five previously

unreported features are observed, signals A to E. A further signal, designated F (not
shown), is also observed to higher Raman shift than signal C.

The observation of

anti-Stokes lines for signals D and E suggests that these signals were not an artefact of
the measurement process; however, it is difficult to discern any systematic trend with
so few data points.

The FWHM o f signals D and E is 0.42 ± 0.12 cm'1 which is
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14 T

Intensity / a.u.

0.0

12 T

E

o
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0.1
02
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£
10 T

8T
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6T
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U17fit2

Raman shift / cm'1

Figure D l High field Stokes and anti-Stokes
SFRS spectra in resonance with the neutral
donor bound exciton, excitation energy 2.7978
eV. Arrows indicate the position o f Al and Ga
D°X.

4

6

8

10

12

14

Magnetic field / T

Figure D2 Magnetic field dependent data.
Solid lines linear regression fit to data. Inset
shows Raman shift divided by field strength
plotted against inverse magnetic field.

significantly broader than the FWHM of signals A to C of 0.18 ± 0.03 cm'1. No SFRS
signals were observed in zero field.
presented in figure D2.

The fitted data from the SFRS spectra are

Extrapolation of the high field data (solid lines) clearly

demonstrates that signals A, C and F do not converge to the origin, whilst signal B
behaves in accordance with equation (1.38). The inset, figure D2, shows the Raman
shift of each data point divided by its magnetic field strength plotted against the
inverse magnetic field (the solid lines are a guide to the eye). From this inset it is
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clear that signal B is independent of the magnetic field, whilst signals A and C are
manifestly field dependent. Furthermore, extrapolation of the data indicates that all
three lines converge at the free electron g-value in the high field limit.
The SFRS resonance profile, figure D3, is reproduced here for the D°X and FE
regions, with intensity plotted on a logarithmic scale. The data points are fitted using
equation (1.39). In the vicinity of D°X, signal B could not be fitted satisfactorily with
a single peak, instead two peaks were required. The two peaks correspond closely to
the energetic positions of the Al and Ga D°X lines2, indicated in the figure by arrows.
The presence o f Al and Ga donor impurities in these samples was established in
earlier work3.

The resonance position of signals A and C is, to within the

experimental resolution, also coincident with that o f the Ga D°X line at 2.7978 ±
0.0001 eV. All three SFRS signals appear in resonance with the FE.
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Figure D3 Resonance profile of SFRS signals
in the vicinity of neutral donor bound exciton
and ffee-exciton. Triangles, squares and circle
correspond to signals A, B and C, respectively.

Figure D4 Stokes field dependent data fitted
according to the excitonic model, equation 5.1
(dotted and solid lines).
Magnetic field
dependence of electron SFRS in resonance
with D°X (dashed line).

The field dependent behaviour o f signal B enable it to be attributed to shallow donor
SFRS, however, the unusual field dependent behaviour o f signals A and C rules out
their respective interpretations as SFRS signals stemming from a electrons or holes
bound to neutral centres or electron SFRS from a deep compensating donor.
Therefore, the origin of these signals requires further investigation.
The model required to describe the above observations must introduce an energy
splitting of a few tenths of an meV; several interactions are capable of producing such
a splitting, these are: strain, coulombic, crystal field and exchange interactions. Angle
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dependent measurements, figure 4.2.7, indicate that the strain in these bulk samples is
negligible and therefore the strain splitting model cannot be invoked. It is equally
unlikely that such a small splitting would result from a coulombic interaction, since
the exciton binding energy is 19 meV in ZnSe4, unless the interaction exclusively
involved the higher excited states.

The crystal field interaction5 lifts the fivefold

degeneracy of the F = 2 manifold without splitting the F = 1 manifold, but shifts it
with respect to the F = 2 manifold, introducing a crystal field splitting, A#, between
the F = 1 and F = 2 states. The Hamiltonian describing the F = 2 manifold can be
expressed in the following form6:

(D-1
However, the above Hamiltonian introduces pronounced anisotropic angular
dependence as a function o f the magnetic field orientation; this behaviour was not
observed experimentally, figure 4.2.7. Therefore, serious consideration must be given
to the exchange interaction model. The simplest exchange interaction model capable
o f yielding electron g-values at high fields is that of two coupled, but spatially
separate, centres o f spin 1/2 with identical, isotropic g-values. However, it can be
shown that this model does not lead to field dependent g-values. The next level of
complexity describes an exchange-coupled electron-hole pair, equation 5.1.

Figure

D4 shows the Stokes SFRS transitions determined using the excitonic model, dotted
and solid lines, for an isotropic exchange interaction in the absence of strain, the
dashed line corresponding to the spin-flip of a electron bound to a neutral donor
complex, signal B, is also included. The parameters required to obtain this fit were ge
= 1.14, gh - 0.56 and Si = 0.11 meV, which are consistent with those previously
determined (see sections 3.1 and 4.2).

Thus the data is interpreted as the

superposition of the commonly observed spin-flip of an electron bound to a neutral
donor complex together with excitonic SFRS transitions.
The excitonic model provides a reasonable description of the data, particularly the
high field data, and has the scope to account for all of the lines present. However, the
solution is not necessarily unique and does not identify the centre responsible for the
excitonic interaction. Consideration of this latter point could be given to interactions
involving, the two observed donor species, interstitial lithium donors , isoelectronic
impurities8 and even excited states o f A°X or ionised donor centre9. Further, models
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involving additional particles or high-excited states10 cannot be ruled out, but their
investigation is beyond this present work.
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