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Abstract
This thesis work aims at a better understanding of magneto-optical properties of dilute
nitrides and II-VI diluted magnetic semiconductor quantum structures. The thesis is
divided into two parts. The first part gives an introduction of the research fields,
together with a brief summary of the scientific results included in the thesis. The second
part consists of seven scientific articles that present the main findings of the thesis work.
Below is a short summary of the thesis.
Dilute nitrides have been of great scientific interest since their development in the early
1990s, because of their unusual fundamental physical properties as well as their
potential for device applications. Incorporation of a small amount of N in conventional
Ga(In)As or Ga(In)P semiconductors leads to dramatic modifications in both electronic
and optical properties of the materials. This makes the dilute nitrides ideally suited for
novel optoelectronic devices such as light emitting devices for fiber-optic
communications, highly efficient visible light emitting devices, multi-junction solar
cells, etc. In addition, diluted nitrides open a window for combining Si-based
electronics with III-V compounds-based optoelectronics on Si wafers, promising for
novel optoelectronic integrated circuits. Full exploration and optimization of this new
material system in device applications requires a detailed understanding of their
physical properties.
Papers I and II report detailed studies of effects of post-growth rapid thermal annealing
(RTA) and growth conditions (i.e. presence of N ions, N2 flow, growth temperature and
In alloying) on the formation of grown-in defects in Ga(In)NP. High N2 flow and
bombardment of impinging N ions on grown sample surface is found to facilitate
formation of defects, such as Ga interstitial (Gai) related defects, revealed by optically
detected magnetic resonance (ODMR). These defects act as competing carrier
recombination centers, which efficiently decrease photoluminescence (PL) intensity.
Incorporation of a small amount of In (e.g. 5.1%) in GaNP seems to play a minor role in
the formation of the defects. In GaInNP with 45% of In, on the other hand, the defects
were found to be abundant. Effect of RTA on the defects is found to depend on initial
configurations of Gai related defects formed during the growth.
In Paper III, the first identification of an interfacial defect at a heterojunction between
two semiconductors (i.e. GaP/GaNP) is presented. The interface nature of the defect is
clearly manifested by the observation of ODMR lines originating from only two out of
four equivalent <111> orientations. Based on its resolved hyperfine interaction between
an unpaired electronic spin (S=1/2) and a nuclear spin (I=1/2), the defect is concluded to
involve a P atom at its core with a defect/impurity partner along a <111> direction.
Defect formation is shown to be facilitated by N ion bombardment.
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In Paper IV, the effects of post-growth hydrogenation on the efficiency of the
nonradiative (NR) recombination centers in GaNP are studied. Based on the ODMR
results, incorporation of H is found to increase the efficiency of the NR recombination
via defects such as Ga interstitials.
In Paper V, we report on our results from a systematic study of layered structures
containing an InGaNAs/GaAs quantum well, by the optically detected cyclotron
resonance (ODCR) technique. By monitoring PL emissions from various layers, the
predominant ODCR peak is shown to be related to electrons in GaAs/AlAs superlattices.
This demonstrates the role of the SL as an escape route for the carriers confined within
the InGaNAs/GaAs single quantum well.
The last two papers are within a relatively new field of spintronics which utilizes not
only the charge (as in conventional electronics) but also the quantum mechanical
property of spin of the electron. Spintronics offers a pathway towards integration of
information storage, processing and communications into a single technology.
Spintronics also promises advantages over conventional charge-based electronics since
spin can be manipulated on a much shorter time scale and at lower cost of energy.
Success of semiconductor-based spintronics relies on our ability to inject spin polarized
electrons or holes into semiconductors, spin transport with minimum loss and reliable
spin detection.
In Papers VI and VII, we study the efficiency and mechanism for carrier/exciton and
spin injection from a diluted magnetic semiconductor (DMS) ZnMnSe quantum well
into nonmagnetic CdSe quantum dots (QD’s) by means of spin-polarized magneto PL
combined with tunable laser spectroscopy. By means of a detailed rate equation analysis
presented in Paper VI, the injected spin polarization is deduced to be about 32%,
decreasing from 100% before the injection. The observed spin loss is shown to occur
during the spin injection process. In Paper VII, we present evidence that energy transfer
is the dominant mechanism for carrier/exciton injection from the DMS to the QD’s.
This is based on the fact that carrier/exciton injection efficiency is independent of the
width of the ZnSe tunneling barrier inserted between the DMS and QD’s. In sharp
contrast, spin injection efficiency is found to be largely suppressed in the structures with
wide barriers, pointing towards increasing spin loss.
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Populärvetenskaplig sammanfattning
Denna doktorsavhandling syftar till en bättre förståelse av magneto-optiska egenskaper
av kväverelaterade III-N-V legeringar samt paramagnetiska II-VI kvantstrukturer. Båda
materialen är halvledare, som i sig utgör elektronikens ryggrad och är hjärtat i allt från
datorer, lysdioder och lasrar, till trådlösa telefoner och satellitkommunikation.
Halvledarmaterialens breda tillämpningsområde baseras på möjligheten att skräddarsy
t.ex. den elektriska ledningsförmågan för specifika tillämpningar genom att tillsätta små
mängder föroreningsatomer i materialet. Moderna tillväxttekniker för tunna
halvledarskikt har möjliggjort framställningen av multilager-strukturer av olika
halvledarmaterial där den kemiska sammansättningen och därmed de elektriska
egenskaperna i skikten kan styras atomlager för atomlager. Kväverelaterade III-N-V
halvledarmaterial (t.ex. GaNP och GaNAs) har rönt stort vetenskapligt och
kommersiellt intresse sedan deras utveckling i början av 1990-talet på grund av ovanliga
grundläggande fysikaliska egenskaper samt deras potential för avancerade fotoniska och
elektroniska komponenter. Tillsatsen av en liten mängd kväve i konventionella GaP
eller GaAs halvledare leder till dramatiska förändringar i värdkristallens elektroniska
och optiska egenskaper. Detta gör kväverelaterade III-N-V halvledarmaterial idealiska
för optoelektroniska komponenter, t.ex. lasrar för fiberoptisk kommunikation,
högeffektiva lysdioder, multilagersolceller etc. Dessutom, öppnar de dörren för att
kombinera Si-baserad elektronik med III-V baserad optoelektronik i integrerade kretsar
på Si substrat. För en fullständig utforskning och optimering av tillämpningarna av detta
nya materialsystem krävs en detaljerad förståelse av deras fysikaliska egenskaper,
(bland annat ingående kunskaper och kontroll den ickeradiativa rekombinationen, som
är den dominerande rekombination processen) samt optimering av tillväxtbetingelser för
att få bättre materialegenskaper.
Artiklarna I, II och IV redogör för detaljerade studier av effekterna av post-tillväxt
behandlingar (t.ex. tillsats av väte och värmebehandling, RTA) samt tillväxtbetingelser
(t.ex. förekomsten av kvävejoner, N2 flödet, tillväxttemperaturen och legering med
indium) på bildandet av defekter i GaNP. Med hjälp av resultat från optiskt detekterad
magnetisk resonans (ODMR), har vi visat att ett högt N2 flöde samt bombardemang av
kvävejoner på provets yta underlättar bildning av defekter, t.ex. interstitiell Ga (Gai).
Dessa defekter fungerar som konkurrerande rekombinationscentra, som effektivt
minskar fotoluminescensens (PL) intensitet. Införande av en liten mängd In (t.ex. 5%) i
GaNP tycks spela en mindre roll i bildandet av defekter, men tillsatsen av en större
mängd In (45%) underlättar bildandet av defekter. I studie IV presenteras direkta
experimentella bevis för att tillsatsen av väte efter skikttillväxten resulterar i en effektiv
aktivering av flera olika ickeradiativa rekombinationscentra. Bland dem finns två nya
Gai - relaterade defekter som tidigare inte observerats i GaNP.
Den första kartläggningen av en defekt som befinner sig på en gränsyta mellan två
halvledare (i detta fall GaNP och GaP) presenteras i Artikel III. Defektens specifika
placering på gränsytan manifesteras tydligt genom observationen av ODMR linjer från
endast två utav fyra ekvivalenta <111> kristallriktningar. Den observerade hyperfininteraktionen mellan ett elektronspinn S = 1/2 och ett kärnspinn I = 1/2 bevisar att
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defekten har en fosforatom som kärna med ytterligare en defekt/partner längs en <111>
riktning.
I Studie V, rapporterar vi om våra resultat från en studie av skiktade strukturer som
innehåller en InGaNAs/GaAs kvantbrunn (QW), med hjälp av optiskt detekterad
cyklotronresonans (ODCR). Genom att övervaka PL från olika delar av provet, visas att
den dominerande ODCR toppen härstammar från elektroner i GaAs/AlAs supergittret.
Detta visar att supergittret kan fungera som en flyktväg för laddningsbärare fångade i
InGaNAs/GaAs kvantbrunnen.
De sista två artiklarna är inom forskningsområdet spinnbaserad elektronik, också kallad
spinntronik då den använder sig av laddningsbärarnas spinn. Spinntronik har på senare
tid rönt stort intresse från såväl forskare som näringsliv. Det finns flera skäl till detta,
bland annat kan man uppnå höga läs/skriv hastigheter, hög densitet och låg
energiförbrukning i magnetiska minnesapplikationer, man har möjligheten att skapa
q-bitar för spinn-baserade kvantdatorer och man kan integrera bearbetning och lagring
av data på ett och samma chip. Spinntroniken lovar också fördelar jämfört med
konventionell elektronik baserad på transport av laddningar, eftersom spinnet kan
manipuleras på mycket kortare tid och till en lägre energikostnad. Framgången för
halvledar-baserad spinntronik beror på vår förmåga att injicera spinn-polariserade
elektroner eller hål i halvledare, spinntransporter med minsta möjliga förlust samt
pålitlig spinndetektion.
I Artiklarna VI och VII, undersöks effektiviteten och mekanismerna för
laddningsbärare/exciton samt spinn injektionen från en utspädd magnetisk halvledare
(Diluted Magnetic Semiconductors eller DMS) ZnMnSe kvantbrunn till omagnetiska
CdSe kvantprickar med hjälp av spin-polariserad magneto-PL och PL excitations
spektroskopi. Genom en analys av flödesekvationer härleds den injicerade spinn
polarisationen till cirka 32%, en minskning från 100% innan injektionen. I Studie VII
presenterar vi bevis för att energiöverföring (eng. energy transfer) är den dominerande
mekanismen för laddningsbärares/excitonens injektion från DMS till QD’s. Detta
grundar sig på att effektiviteten av laddningsbärarnas/excitonernas injektion är
oberoende av bredden av ZnSe tunnelbarriären mellan DMS och QD's. I skarp kontrast,
effektiviteten av spinninjektionen visar sig minska med ökad bredd på tunnelbarriären.
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Preface
The work presented in this thesis has been performed during years 2004-2010 in
the Functional Electronic Materials Division, Department of Physics, Chemistry
and Biology (IFM) at Linköping University, Sweden. The main aims are to
understand magneto-optical properties of dilute nitrides and spin dynamics in IIVI diluted magnetic semiconductors. The thesis is divided into two parts. The
first part gives an introduction of the research fields, together with a brief
summary of the scientific results included in the thesis. The second part consists
of seven scientific articles that present the main findings of the thesis work.
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Chapter 1: Basic semiconductor physics

1.1 Crystal structure
A large part of the advances in our understanding of the solid state physics
relies on the periodicity of atoms arranged in a crystal. Without this periodicity,
many problems in the solid state physics would be much harder to solve and
the level of current understanding would probably not be as deep. The smallest
building block that can describe the crystal structure is a unit cell. A crystal
lattice is constructed by three-dimensional repetitions of the unit cells1. All
four compound semiconductors that have been studied in this work, namely
Ga(In)NP, GaInNAs,
Zn(Mn)Se and CdSe have
the
zincblende
crystal
structure, as shown in the
Figure 1.1. (In fact,
Zn(Mn)Se and CdSe alloys
can also crystallize in the
wurtzite structure if they are
grown on substrates with
(111) face.) The unit cell in
the zincblende structure
consists
of
two
interpenetrating
face
centered cubic (fcc) unit
cells displaced by a quarter
of a lattice constant along
the [111] direction (Figure
1.1). Different chemical
elements belong to different
fcc lattices.

[001]

[111]

[110]
Figure 1.1: The unit cell of the zinc-blende
lattice, where the spheres with different size
and color represent different chemical elements.
Major crystallographic directions are indicated.

1.2 Energy bands
In a gas, electrons in each atom possess discrete energy levels. As atoms are
closely packed into a solid, electronic wavefunctions start to overlap and the
Pauli exclusion principle will cause lifting of the degeneracy of the energy
levels. Due to a large number of atoms in a solid, ~ 1022 cm-3, the net result of
the offset of each level is a formation of bands comprising allowed energy
levels (Figure 1.2). In a perfect crystal, energy gaps between these bands
contain2 no allowed energy levels.

Figure 1.2: Topmost energy levels in a semiconductor as a function of interatomic
separation, illustrating schematically band formation. Inspiration for the illustration
was found in Reference [2].

The topmost filled band at 0 K is known as the valence band (VB), in analogy
with the valence electrons in individual atoms. In semiconductors and
insulators, all states in the valence band are occupied, leaving no empty states
to excite electrons into. Thus, at 0 K, the electrons in the valence band are
unable to conduct electric current, implying infinite resistance at 0 K. In order
to be able to conduct, electrons must be excited to the upper allowed energy
band which has unoccupied states (see Figure 1.2). Consequently, this band is
called the conduction band (CB) and it is separated from the valence band by
an energy gap referred to as the fundamental bandgap. In semiconductors, the
energy gap is usually less than about 4 eV. The bandgap is one of the most
important parameters of a semiconductor. In metals one or several bands are
partially filled, making them good conductors of electric current even at 0K.

2

1.3 Band structure
The band structure, E(k), of a crystal relates the energy of an electron in a
periodic potential to its wave-vector k. It is obtained by solving the
Schrödinger equation for a fully periodic three-dimensional crystal lattice with
the aid of the Bloch’s theorem. Parabolic energy dispersion for small k-values
is obtained with perturbation theory: E ( k ) ~ k

2

m * , where m* is the

effective mass, reflecting the periodicity of the lattice. The effective mass will
determine the curvature of the energy bands in the reciprocal space.
The highest valence band edge is formed by the six-fold degenerate p-states
leading to the heavy-hole (HH) band, light-hole (LH) band and spin-orbit split
off (SO) band. The heavy hole band has a total angular momentum quantum
number J = 3/2 with it’s z-projection mj=±3/2. The light-hole band has J=3/2
and mj=±1/2. In an unstrained bulk semiconductor, the four-fold degenerated
HH and LH bands have the same energy at k = 0 (but not at k ≠ 0). Due to the
effect of spin-orbit coupling, the two-fold degenerate split-off band (J=1/2,
mj=±1/2) is formed below the heavy-hole and light-hole bands. The lowest
conduction band edge (J=1/2, mj=±1/2) emerges from the s-states.
In a direct bandgap semiconductor (e.g. GaAs), both the VB maximum and the
CB minimum occur at the same k-value, normally at k = 0. In an indirect
bandgap semiconductor, on the other hand, the CB and VB extrema occur at
different k-values. GaP, Si and Ge are examples of semiconductors with an
indirect bandgap.

1.4 Semiconductor hetero-structures and band
alignment
The development of epitaxial growth methods has made it possible to grow
layers of two or more different semiconductors with well-controlled and
abrupt interfaces. A hetero-structure is a semiconductor crystal made of more
than one material while maintaining the periodicity of the crystal lattice. The
difference in the bandgaps of the different materials enables bandgap
engineering, making heterostructures attractive for applications. Several types
of alignments in the conduction and valence band edges are possible, see
Figure 1.3. In the case of Type I (Type II) band alignment, two (one) types of
charge carriers have their lowest energy level in the narrow bandgap material.
Type II alignment is also referred to as staggered type alignment. In Type III
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hetero-structures, the valence band edge of one semiconductor has higher
energy than the conduction band edge of the other semiconductor.

Figure 1.3. Three types of band alignments at hetero-interfaces.

1.5 Strained layers
Although it is convenient to grow materials with similar lattice constants, it is
often necessary to combine lattice mismatched materials. A difference in
lattice constants of e.g. an epilayer and underlying substrate will give rise to
strain in the epilayer, as its in-plane lattice constant will follow that of the
underlying substrate (see Figure 1.4). This leads to a change of the lattice
constant in the growth direction. The strain build up in the epilayer will at a
certain critical thickness be released by formation of dislocations. As this
deteriorates the crystal quality, it is common to grow epilayers with a thickness
below the critical thickness.

Figure 1.4. Schematic illustration of the strain formation at the hetero-junction with a)
and c): smaller and larger lattice constant of the epilayer than that of the substrate,
respectively; b) lattice matched layers.
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1.6 Quantum structures
By growing several layers of semiconductors with different energy gaps,
potential barriers and traps for the charge carriers can be achieved. If the
thickness of an epilayer is smaller than or comparable to the de Broglie
wavelength of the electron in the material, the electron will be confined in the
real space. This confinement of the carriers creates fixed boundary conditions
which in turn generates unique optical and electrical properties which are
completely different from that in bulk semiconductors. The main effect of the
confinement is quantization of energy levels resulting from the wave nature of
charge carriers: only specific CB states will be allowed. Semiconductor
quantum structures include quantum wells, quantum wires, quantum dots and
superlattices.

1.6.2 Quantum well (QW)
A quantum well is a hetero-structure built up by a thin layer of a material with
a small band gap sandwiched between two layers of a larger bandgap material.
Electrons in the smaller band gap material are free to move in the x-y-plane
but are confined in the z-direction (i.e. the growth direction). The resulting
QW is therefore said to be two dimensional.

1.6.3 Quantum Dots (QD)
By restricting electron motion in all three directions, a zero-dimensional
quantum dot is formed. The complete confinement in the real space gives new
physical properties which in many respects resemble those of atoms. Moreover,
modifications of the electronic structure are possible by controlling the size
and shape of QDs. This makes QD promising for new types of devices
utilizing quantum mechanical effects. QDs can nucleate spontaneously in a
self-assembly process when a material is grown on a substrate to which it is
not lattice matched. The resulting strain produces stained islands on top of a
two dimensional wetting layer. This growth mode is known as a StranskiKrastanov growth. The resulting shape of the QD’s formed by this technique is
pyramidal or lens shaped.
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1.6.4 Superlattice
A superlattice (SL) is made by alternate deposition of two different
semiconductor materials on each other to form a periodic structure in the
growth direction. Energy levels of individual QW are strongly affected in the
SL, as the discrete energy levels start to overlap. As in the case of formation of
crystals from non-interacting atoms, energy bands are formed in the SL (i.e.
mini-bands). Maybe the most investigated superlattice system is AlAs/GaAs,
much due to the small difference in the lattice constants between AlAs and
GaAs. In addition, there is only a small difference between their thermal
expansion coefficients, minimizing the remaining strain at room temperature
after cooling down from high epitaxial growth temperatures. In the Paper 4,
the role of the AlAs/GaAs superlattice as a carrier drain in a GaInNP laser
structure is investigated.

1.7 Defects in semiconductors
Any deviation from lattice periodicity of a crystalline semiconductor is defined
as a defect. This is a broad definition including both impurities and
imperfections. Although these deviations from a perfect crystal may have
concentrations in the range of only one defect per million of host atoms, they
often significantly modify both electrical and optical properties of
semiconductors, by affecting conductivity and carrier lifetimes.
In a perfect crystal, a periodic potential provided by the host atoms together
with the periodic boundary condition, gives rise to the band structure of the
crystal. Breakdown of the periodicity induced by defects destroys the
translational symmetry of the lattice and introduces localized states. Such
states can be located within the bandgap of the host semiconductor. These
defect-induced localized states are the ones that influence and sometimes even
govern the properties of the semiconductor.
Defects in semiconductors can be classified in two major groups: simple
isolated point defects and related complexes on the one hand and extended
defects composed of a large number of point defects extending beyond an unit
cell on the other hand. Only point defects will be treated in this thesis.
Point defects are in turn commonly classified as: isoelectronic defects versus
donors and acceptors according to the number of valence electrons they
provide; intrinsic versus extrinsic defects according to their chemical identity;
deep-level defects versus shallow-level defects according to the validity of the
effective-mass model; vacancies, self-interstitials, antisites, interstitial
impurity and substitutional impurity according to their lattice position. In
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addition, a single defect or aggregates of single point defects are found. A brief
discussion about each of the aforementioned defect categories is provided
below.
An impurity (or a complex defect) with the same number of bonding electrons
as that for the host atom it replaced is referred to as an isoelectronic
impurity/defect. These defects do not contribute any extra charge when they
are incorporated into the lattice, but the differences in the electronegativity of
the host atom and the replacing atom and the distortion of the lattice around
the defect might create a local attractive potential for either electrons or holes,
or both. The first particle bound by this potential often has very localized
wavefunction. A particle of opposite charge may subsequently be attracted by
the coulomb attraction of the primarily bound particle. The high localization of
the bound particle in real space implies delocalization in the reciprocal space,
allowing recombination without involvement of phonons. These defects can
thus serve as effective luminescent centers in indirect bandgap semiconductors
(e.g. N and N-N pairs in GaP:N).
Unlike isoelectronic defects, donors (acceptors) possess an extra electron or
electrons (lack an electron or electrons) as compared with the host atoms they
replace. For shallow donors and acceptors, the excess valence electron (hole)
is loosely bound to the defect and can easily be thermally excited to the
conduction (valence) band. They can be satisfactorily understood (especially
their excited states) by means of the effective mass theory, where the vacuum
permittivity ε0 and electron mass m in the standard Bohr theory of a hydrogen
atom are replaced by an effective dielectric constant of the semiconductor and
the effective mass of the electron. A deliberate introduction of donors or
acceptors (i.e. doping) can change the majority carrier concentration in a
controlled way.
Intrinsic defects are point defects that are not related to foreign atoms to the
lattice. They include vacancies, self-interstitials and antisites (for compound
semiconductors), see Figure 1.5. In a binary compound there are six different
intrinsic defects (two of each type). They are introduced during growth of the
material or post-growth treatments such as electron irradiation, thermal
quenching or ion-implantation. Intrinsic defects often form deep and localized
electronic states that play an important role in charge compensation and in
recombination of electrons and holes. Intrinsic defects may also form various
complexes with each other, if that minimizes the total energy of the system.
This occurs either during growth, when high temperature increases mobility of
defects, or by defect migration after growth.
An empty lattice site results in a vacancy and deprives the crystal of one
electron per broken bond. Vacancies can be introduced if the material is grown
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Figure 1.5 Schematic illustration of point defects in a binary semiconductor crystal.
The upper (lower) part of the figure illustrates intrinsic (extrinsic) point defects.

too fast. The dangling bonds tend to form new bonding which depends on the
charge state of the vacancy.
Interstitials are atoms residing between the ordinary lattice sites. In the
zincblende structure (Td symmetry), there are three high symmetry interstitial
positions. Two of them have Td symmetry (tetrahedral) and the third one has
D3d symmetry (hexagonal) with the nearest neighbors from both sublattices.
Interstitials are commonly denoted as e.g Gai for Ga interstitial.
Antisites are point defects where an atom is situated on a site in a wrong
sublattice. For example, P sitting on a Ga site in GaP (noted as PGa).
Extrinsic defects are related to impurities in the material. They include
substitutional and interstitial impurities, and their complexes.
Another important classification of point defects is the validity of the
effective-mass model: shallow- or deep-level defects. Deep levels can act as
traps for electrons or holes or as recombination centers limiting the minority
carrier lifetime. Effective mass theory models cannot describe such centers.
The electronic properties of shallow-level defects, on the other hand, can be
understood within the effective mass model. They are important for electrical
conduction by providing extra charged carriers to the CB or VB.
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1.8 Radiative carrier recombination
An electron can be excited from the valence band up to the conduction band if
energy greater than or equal to the bandgap energy is transferred to it. Created
free electrons (holes) subsequently relax down to the lowest energy state in the
conduction (valence) band before recombining. The relaxation to the band
edge occurs mainly via phonon emission and scattering. Even after the
relaxation to the band edge, electrons occupy a higher energy state than they
would under equilibrium conditions and further transitions to empty, lowerenergy states will occur. A fraction of these transitions will be non-radiative
and the rest will be radiative. During radiative carrier recombination process
(or luminescence), all or most of the energy difference between the initial and
final states is emitted as electromagnetic radiation (photons). The emitted light
provides valuable information concerning the electronic structure of the
material and its defects. Luminescence efficiency, η is defined as a ratio
between radiative and non-radiative recombination rates and is given by2

η=

1
1 + τ r / τ nr

(1.1)

where τ r is the radiative recombination time and τ nr is the nonradiative
recombination time. Luminescence can be either intrinsic (related to the crystal
itself) or extrinsic (related to impurities or defects). Some of the most
important radiative recombination processes are depicted in Figure 1.6 and
will be discussed below.

Figure 1.6. Schematic picture of the most important radiative recombination paths
for carriers in a semiconductor. One distinguishes between intrinsic transitions such as
(a) band-to-band and (b) free exciton; and extrinsic transitions: (c) acceptor bound
exciton, (d) donor bound exciton, (e)-(f) free to bound transition and (g) recombination
between donor-acceptor pair at a distance r from each other.
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1.8.1 Band-to-band recombination
Band-to-band or free-to-free transitions occur when both recombining carriers
are free in their respective bands. Their radiative recombination rate is
proportional to the product of the density of available electrons (n) and holes
(p). For a direct band-to-band transition, both electron and hole have the same
momentum and no change of the electron momentum is required. The energy
of the emitted photon thereby corresponds to the energy of the band gap. This
is not valid in the case of semiconductor materials with an indirect bandgap.
Here, the lowest energy band edges for the conduction band and valence band
are at different k-points. This implies a different momentum for the electron as
compared with that of the hole. In order to conserve momentum during the
optical transition process, the change of the electron momentum has to be
compensated. The momentum of a photon is about three orders of magnitude
smaller than the momentum of the electron at the indirect CB minimum, and
can thus be neglected. Instead, an interaction with lattice vibrations (phonons)
is necessary. Therefore, the emission or absorption of a photon should be
accompanied by an emission or absorption of a phonon(s). But, as phonons
also have energy and the total energy must be conserved, the energy of the
emitted photon is lower than the band gap energy by an amount equal to the
phonon energy. For both direct and indirect band-to-band recombination, the
spectral distribution of the luminescence intensity shows a steep rise at the
band-edge and an exponential decay toward higher energies, which reflects an
exponential decrease of the available electrons and holes with energies higher
than the band edges.

1.8.2 Excitonic recombination
An attractive Coulomb interaction between the oppositely charged free
electron and hole can result in a formation of a coupled electron-hole pair:
exciton. An exciton is a neutral quasi-particle which can move in the crystal as
a single entity: free exciton (FE). Depending on the reduced exciton mass and
the dielectric constant of the host crystal, one distinguishes between WannierMott excitons, which extend over many lattice constants and Frenkel excitons,
which have low mobility and a radius comparable to an interatomic distance3.
The Frenkel excitons are observed in ionic crystals with relatively small
dielectric constants and large effective masses. The Wannier-Mott excitons are
weakly bound, have a higher mobility and are found in most semiconductors.
The binding energy of the Wannier-Mott exciton can be described by the
effective mass theory, in analogy to a hydrogen atom. Since the exciton is
energetically more favorable state relative to free electron and free hole,

10

luminescence transitions originating from the excitonic recombination are
lower in energy by an amount equal to the exciton binding energy. The
ionization energy of the Wannier-Mott exciton is of the order of ~ 10 meV in
III-V semiconductors; hence at room temperature (kT ~ 26 meV) most of them
are dissociated. The moving exciton has a kinetic energy which will cause
broadening of the excitonic levels into bands.

1.8.3 Bound excitons
A defect or an impurity may create an attractive potential that can trap an
electron-hole pair, resulting in a bound exciton (BE). The most common BEs
are found to be bound to neutral defects and impurities, whether they are
donors, acceptors or isoelectronic centers. The attractive potential in this case
originate from a) a difference in electron negativities between the
defect/impurity and the host atoms it replaces; b) local deformation of the
lattice caused by presence of the defect/impurity; and c) incomplete screening
of the charge of the defect/impurity core. In addition, BE can also be formed
by direct photo-excitation in the BE state or sequential capture of free electron
and hole by the impurity/defect. The binding energy of the exciton to the
defect/impurity reduces the recombination energy of the BE as compared with
the FE. As the BE do not have kinetic energy, the spectral width of the BE
emission is substantially narrower than that for the FE.

1.8.4 Free to bound recombination
At sufficiently low temperatures, carriers are often trapped by impurities and
defects. These localized carriers may recombine directly with free carriers
which will results in free-to-bound recombination (for example, a hole bound
to an acceptor can recombine directly with a free electron from the conduction
band). The recombination energy for free-to-bound transition corresponds to
the bandgap energy subtracted by the binding energy of the acceptor/donor.

1.8.5 Bound to bound transition – DAP recombination
Semiconductors often contain both donors and acceptors. Thus, a hole bound
to an acceptor may recombine with an electron bound to a donor. This process
is known as donor-acceptor-pair (DAP) recombination. Both donor and
acceptor are neutral before the recombination, and after the recombination the
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donor becomes positively and the acceptor negatively charged. Thus there is a
Coulomb interaction between the donor and acceptor after the transition,
lowering the energy of the final state. The extra Coulomb energy gained is
added to the radiative recombination energy. Consequently, the transition
energy depends on the distance r between the donor and acceptor atoms.

1.9 Selection rules for optical transitions
An exciton is formed by an electron and hole, i.e. by two fermions having
projections of the angular momenta on a given axis equal to
mje = mSe = ±1/2; for an electron in the conduction band with s-symmetry and
mjh = ±1/2, ±3/2 for a hole in the valence band with p-symmetry (in zinc-blend
semiconductor crystals). The states with mjh = ±1/2 and mjh = ±3/2 are called
light hole and heavy hole states, respectively. In the bulk samples, at k=0 the
light and heavy hole states are degenerated. Strain in the crystal and/or
confinement of the carriers by a potential will break the degeneracy of the VB
states. Selection rules for direct interband optical transitions in zinc-blende
semiconductors with the quantization axis along the growth direction are
shown in Figure 1.7.
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Figure 1.7. Radiative interband transitions allowed by the selection rules for zincblende semiconductors with the quantization axis along the growth direction. The
labels near the arrows indicate the relative transition intensities and polarization of the
light. After Ref. [4].
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Figure 1.8. Schematic representations of lattice deformation and energy bandgap
splitting and shifts caused by compressive strain in the epitaxial layer, resulting in
lifting of the degeneracy of the light-hole and heavy-hole valence subbands at k=0.
Reprinted with permission from Ref. [5]. Copyright © 1983, American Institute of
Physics.

When a layer exhibits a compressive strain in the plane of the layer, the
conduction band will move to a higher energy (see Figure 1.8). Meanwhile, the
heavy hole and the light hole bands become nondegenerate at k=0, with the
heavy hole band being the topmost one. (In the case of tensile strain all three
bands mentioned above move in opposite directions compared to the case of
compressive strain.) Thus, compressive strain acts in the same sense as the
effect of the quantum confinement on the shifting of the valence bands.
Therefore, the HH exciton formed by an electron and a heavy-hole is
energetically favored. The total exciton angular momentum J has the following
projections on the quantization axis: mjX = ±1, ±2. Bearing in mind that the
projection of the photon spin is 0 or ±1 and that the spin is conserved in the
processes of photo-absorption, the excitons with spin projections mjX = ±2 can
not be optically excited and do not participate in the emission. These are socalled spin-forbidden or dark states. We shall neglect them below. (In some
cases the dark states come into play: they can be mixed with the bright states
by an in-plane magnetic field.) The conservation of spin in the photoabsorption allows spin-orientation of the excitons due to absorption of
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polarized excitation light (i.e. optical orientation), the effect which manifests
itself in the polarization of photoluminescence. σ+ and σ- circularly polarized
light excites |-1/2; +3/2> and |+1/2; -3/2> excitons, respectively (assuming
direct excitation and no spin loss). Linearly-polarized light excites a linear
combination of +1 and –1 exciton states, so that the total exciton spin
projection on the quantization axis is zero in this case. Optical orientation of
carrier spins in bulk semiconductors has been discovered by a French physicist
George Lampel in 1968. It has been extensively studied in 1980s in QW’s by
several groups. For reviews, we address the reader to “Optical orientation”
edited by Zakharchenia and Meier4 and “Spin physics in semiconductors”
edited by M. I. Dyakonov6.

1.10 Nonradiative carrier recombination processes
An electron-hole pair can also recombine through a process that does not result
in light emission i.e. via a non-radiative recombination process. In many
semiconductors, non-radiative (NR) recombination dominates over the
radiative recombination. Major non-radiative recombination paths include
Auger recombination, surface recombination and recombination at defects.
In Auger process, the energy released by electron-hole recombination is
transferred to a nearby carrier which will be excited to higher lying energy
states within the CB or VB. This “hot” carrier usually dissipates it’s excess
energy to the surrounding lattice in form of phonons.
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Chapter 2: Diluted Nitrides

2.1 Introduction
Dilute nitrides (i.e. N containing III-V ternary and quaternary alloys) are
derived from conventional III-V semiconductors such as (Ga,In)(P,As) by
insertion of N into the group-V sublattice. Dilute nitrides belong to a class of
highly mismatched semiconductor alloys. The large differences in size and
core potential between N and the group-V atoms it replaces results in a large
perturbation of the crystal lattice and has profound effects on both optical and
electronic properties of the host crystal1-3. For example, the electronegativity
of N is ~ 3.0, while that of P and As is only ~2.2. Partial replacement of group
VI- anions by more electronegative O atom in II-VI compounds has the effect
similar to incorporating nitrogen into III-V materials4. In this chapter we will
give a brief description of the phenomenology of the dilute nitrides and
relevant theoretical models employed in understanding its physics.

2.2 Electronic properties
The existence of discrete energy levels due to nitrogen doping (<1017 N/cm3)
in GaP has been known since the 1960s. Thomas and Hopfield5 observed a
series of sharp lines in the absorption and luminescence spectra of GaP that
they attributed to excitons bound to isolated nitrogen atoms and nitrogen pairs
(NN). The energy of the exciton bound to an isolated N atom was found to be
33 meV smaller than energy of band to band recombination. The binding
energy of the excitons bound at NN pairs increases with decreasing pair
distance and reaches ~160 mV for the nearest neighbor nitrogen pair6. In GaAs,
on the other hand, corresponding impurity levels were reported almost 20

Figure 2.1. Schematic illustration of energies of nitrogen related levels in GaP and
GaAs. NNi is the energy level of nitrogen pair in the i:th nearest neighbor position and
N is energy of infinitely distanced N atoms, i.e. isolated impurity [6]. The thick solid
blue (dashed red) line show approximate compositional dependence of the CBM in
GaP (GaAs).
years later7. The reason for this slight delay might be related to the fact that the
CB edge of the GaAs is below that of GaP (see Fig 2.1). Thus, the state
produced by an isolated nitrogen atom is found as a sharp resonance at around
180 meV above CB minimum7.
The impurity states discussed above were studied in crystals with N content
within the doping regime. Higher contents of nitrogen were difficult to achieve
due to high immiscibility of nitrogen into III-V semiconductors. But, in the
beginning of the 1990s, advances in epitaxial growth techniques enabled an
increase in the nitrogen content from the impurity to the alloy limit (~1020
N/cm3). Thus, the possibility of achieving direct-bandgap light emitters
covering the whole spectral range from the wide-band-gap III-nitrides to the
lower-band-gap III-V arsenides seemed to be within reach. This aim rested on
the assumption that the bandgap energy of an alloy, E gAB , can be reasonably
approximated by a simple linear weighted average of the bandgaps of parental
compounds, E gA and E gB , corrected by a small divergence from the linear
interpolation given by8:

∆E gAB ≡ E gAB − xE gA − (1 − x) E gB = −bx(1 − x) .
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(2.1)

Figure 2.2. Bandgap energy vs. lattice constant for some of the most common III-V
semiconductors. The solid lines show bandgap energies for conventional alloys. The
dotted lines indicate the change of the bandgap and lattice constant in dilute nitrides.
Here, x is the fraction of compound B mixed in compound A, and b is referred
to as a bowing parameter. Conventional III-V compounds fit this trend quite
well, and the bowing parameter b is substantially smaller than the bandgaps of
the endpoint compounds (see Figure 2.2). But, this is definitely not the case for
dilute nitrides, where the bowing coefficient is huge (~ 10-20 eV) and strongly
depends on nitrogen content. Thus, instead of an increase of the bandgap, the
insertion of a small amount of N into group-V sublattice results in an
unexpected and huge reduction in the bandgap energy. For example, just 1%
of N in GaAs decreases the room-temperature bandgap from ~1.42 eV to
~1.25 eV 9 . This allows one to tailor the band structure of the III-V
semiconductors in an unforeseen way and has provided new opportunities for
attractive applications of dilute nitrides that are drastically different from what
they initially were thought to be. Dilute nitrides turn out to be ideally suited for
novel optoelectronic devices such as low-cost light-emitting devices for fiberoptic communications (1550 nm), highly efficient visible light emitting
devices, multi-junction solar cells, etc. In addition, diluted nitrides open a
window for combining Si-based electronics with III-N-V compound
semiconductor-based optoelectronics on Si wafers, promising for novel
optoelectronic integrated circuits. Full exploration and optimization of this
new material system in device applications requires a detailed understanding
of its physical properties.
Besides huge bandgap bowing, several other intriguing physical properties
distinguishably different from conventional semiconductor alloys have been
discovered in diluted nitrides. These include an unusual splitting of the
conduction band states into two subbands (E+ and E-) and a strong
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enhancement of the electron effective mass, me*, in Ga(In)NxAs1-x alloys. In
fact, me* exhibits a strongly nonmonotonic dependence on N content10. After a
first abrupt doubling (from me*=0.066 to me*~0.13) for x~0.1%, me*
undergoes a second increase of ~20% for x~0.35%, and finally it shows a
sizable fluctuations around me*~0.14 for 0.4<x>1.78%. In order to fully
understand the peculiar dependence of me* on x in Ga(In)NxAs1-x, one has to
take into account the entangled modifications in the statistical distribution of N
complexes and in the relative alignment between the CB edge and N-related
electronic levels11.
These findings have stimulated intense research to understand the underlying
physics. Main theoretical approaches utilized include the band anticrossing
model (BAM) and empirical pseudopotential method (EPM). Whilst both of
these approaches can describe bandgap bowing and the pressure dependence
of the bandgap, they differ in physical ansatz and interpretation. Below follows
a short account for both models.

2.3.1 The band anticrossing model
BAM considers the mutual repulsion between two energy levels with the same
symmetry: Γ CBM and the localized state of the substitutional N atom. This
results12 in a splitting of the conduction band into two subbands: E + and E − :

2 E ± (k ) = E CB (k ) + E N ± E CB (k ) + E N + 4V 2 x

(2.3)

where E CB (k ) is the energy dispersion of the CB of the host and E N is the
energy of the localized state of the substitutional nitrogen atom. The coupling
between the localized state and the band states of the host is described by the
adjustable parameter V . The bonding state at low energy ( E − ) corresponds to
the conduction band edge, whilst E + forms a new, upper conduction band.
The dispersion relations of the E + and E − bands calculated using (2.3) are
shown in Figure 2.5 for the Ga0.995N0.005As alloy. Considering the simplicity of
the analytical expression (2.3), BAM yields a remarkably good description of
several physical properties, including the compositional dependence of the
fundamental bandgap E − , thermally induced shift of the bandgap and
existence of the upper band E + . The flattened dispersion at k~0 in Figure 2.5
also explains the experimentally observed increase in the electron effective
mass for nitrogen contents < 1%.
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Figure 2.5. Dispersion relations for E + and E − subbands of Ga0.995N0.005As from the
BAM (solid curves). The broadening of the curves illustrates the energy uncertainties.
c
For comparison, the unperturbed GaAs conduction band Ek and the position of the
d
nitrogen level E are shown by the dotted lines. Reprinted with permission from Ref.
[12]. Copyright © 2002 by the American Physical Society.

2.3.2 The empirical pseudopotential method
A different theoretical description of the band structure of dilute nitrides was
provided by first-principle calculations13. The most important prediction of the
EPM approach is the formation of perturbed host states (PHS) and localized
cluster states (CS) in the bandgap as observed experimentally. The formation
of PHS reflects nitrogen-induced distortion of the lattice, lowering the
translational symmetry. This causes the splitting of the X , L and Γ CB
valleys into three delocalized A1 states which interact with each other and form
the perturbed host CB states. It is the behavior of the PHS, which are formed
due to the N-induced breaking of translational symmetry, which causes the
bandgap bowing. Cluster states, on the other hand, have little overlap and their
energy remains pinned with N composition. As the PHS moves down with
increasing N composition they sweep through the CS. This coexistence of the
localized states and the PHS is referred to as the amalgamation of states.
The increase in electron effective mass is attributed to mixing of Γ and L states,
as the effective mass being much greater in the L valley than in the Γ valley.
The mixing of the CB states is also responsible for the transformation from an
indirect to quasi-direct bandgap in GaP. The EPM model also offers an
explanation for the E + level which is interpreted in terms of a weighted
average of the N and L energy levels.
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2.3 Optical properties
In addition to the huge bandgap bowing, dilute nitrides exhibit alloy
fluctuations responsible for potential fluctuations leading to formation of
bandtail states. In fact, low temperature PL of Ga(In)NAs alloys in the near
bandgap spectral region was shown to be dominated by excitons trapped by
these potential fluctuations of the band edge. This was concluded from
following experimental findings14:
1. The S-shape temperature dependence of the PL maximum (see Figure
2.3b). At low temperatures, a strong red shift of the PL peak position
with increasing temperature can be observed due to thermal
depopulation of the localized states. Free exciton recombination only
appears at higher temperatures, when a sufficient number of localized
excitons (LE) has been thermally excited to the extended band states.
Eventually, the FE becomes the dominant PL mechanism, causing a
blue shift of the PL maximum position.
2. A blue shift of the PL maximum position of the LE emission with
increasing optical excitation power, as a result of gradual filling of the
energy states within the band tails.
3. An asymmetric spectral shape characteristic for the LE emission
(Figure 2.3a). The low energy side can be approximated by an
exponentially decaying function, which reflects the energy distribution
of the density of states within the band tails. The mobility edge
separating the localized and delocalized states corresponds to the high
energy cut-off.
4. A large Stokes shift between the PL emission (from the localized
states) and PL excitation spectra (transitions between the extended
states).
5. Shortening of the PL decay time at the high energy side of the LE PL
spectrum due to exciton transfer to the low energy tail states, or to
competing recombination channels.
In GaP, the incorporation of N has a somewhat different effect on PL at low
temperatures. N reduces the bandgap, but it also changes its character from
indirect to quasi-direct. This is concluded from the linear dependence of the
square of the absorption coefficient, α2, as a function of photon energy16.
Despite of this change the band edge emission is not observed at low
temperatures in GaNP alloys, contrary to Ga(In)NAs.
With increasing N content, the PL spectrum of GaNP evolves from several
narrow lines, related to excitonic transitions at NN pairs, to broader PL bands,
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Figure 2.3. PL spectra from the GaNXAs1-X/GaAs multiple quantum well structure as
function of (a) nitrogen composition at 2K. Reprinted with permission from Ref. [15].
Copyright © 1999, American Institute of Physics. (b) Temperature dependence of the
GaNAs PL spectra for x=0.011. The insert shows the PL peak position as a function of
temperature. Reprinted with permission from Ref [14]. Copyright © 2003, Elsevier.
likely related to emission from deep levels formed by N clusters. The latter
become predominant at nitrogen composition of >0.6%, when the excitonic
transitions from the NN pairs are no longer observed. The disappearance of the
highest-energy PL components with increasing N content was interpreted as a
result of the downshift of the CB edge, effectively removing the N-related
states from the bandgap and making them optically inactive (Figure 2.4b).

2.5 Post-growth hydrogenation
Hydrogen is present in plasmas, etchants, precursors, and transport gases of
most growth processes. Due to high chemical reactivity, hydrogen can bind to
and neutralize dangling bonds, deep defect centers and shallow impurities in
the host lattice. In addition, post-growth incorporation of hydrogen may have
significant effects on optoelectronic properties of semiconductors. In the case
of dilute nitrides, hydrogenation leads to almost complete neutralization of the
effects of N due to formation of N-H complexes in undoped diluted nitrides. In
particular, post-growth hydrogenation results in full recovery of the bandgap
energy, electron effective mass, thermal shift of the bandgap and the lattice
parameter of the N-free material. In Paper IV, we discuss the effects of post
growth hydrogenation on the importance of NR recombination in GaNP.
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Figure 2.4. Representative low temperature PL spectra of GaNxP1-x epilayers as a
function of N composition. a) 250 nm thick epilayers with x≤0.81%. The PL spectra
are not normalized and are shown in liner scale. Adapted with permission from [16].
Copyright © 2000, American Institute of Physics. b) PL intensities are displayed in
logarithmic scale and normalized at low energy. The insert shows the disappearance of
the high-energy PL components due to the N-induced downshift in the CB-edge.
Reprinted with permission from Ref. [14]. Copyright © 2003, Elsevier.

2.6 Growth of dilute nitrides
There are several technological challenges in growth of high quality dilute
nitrides epilayers. First of all, there is a high immiscibility of nitrides and
arsenides due to difference in crystal structure, lattice constants and regions of
growth compatibility. Due to this mismatch, growth of dilute nitrides resorts to
nonequilibrium growth conditions, e.g. by using low temperature molecular
beam epitaxy (MBE). Low temperature growth results in a low mobility of
adatoms during the growth leading to defect formation which have a negative
impact on optical and transport properties of dilute nitrides.
Another challenge in growth of high quality dilute nitrides epilayers lies in
creating atomic nitrogen. Since the binding energy of N2 molecule is very high,
a radio frequency plasma source is used to create atomic nitrogen. The output
of the plasma source has several constituents: electrons, nitrogen ions, atomic
nitrogen and nitrogen molecules. Flux of energetic nitrogen ion species from
the plasma can damage the growing epilayer. This ion flux can be deflected by
adopting ion collector equipment consisting of two biased parallel plates
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across the exit aperture of the plasma cell. In Paper I-II, we demonstrate how
suppression of ion-induced damage reduces formation of Ga interstitial related
defects and improves photoluminescence properties.

2.7 Defects in dilute nitrides
Combined effects of the low temperature growth conditions and the N ion
induced damage result in severe degradation of the radiative efficiency of
dilute nitrides with increasing N content. This degradation of the optical
quality is commonly attributed to formation of some competing nonradiative
(NR) defects. The importance of this issue was recently underlined when about
half of the threshold current in the state-of-the-art GaInNAs-based lasers was
concluded to be caused by the NR recombination17. The NR defects have also
been found responsible for a degraded carrier diffusion length in GaInNAs
solar cells, causing a reduction in the internal quantum efficiency. Despite the
importance of the NR recombination, there are only few NR centers that have
been reliably identified in dilute nitrides (an overview is given in Ref. [18]).
This has primarily been done by means of optically detected magnetic
resonance (ODMR) measurements.
In GaP-based dilute nitrides, Ga interstitials (Gai) are commonly observed
defects. Their identification 19 - 21 was based on the characteristic hyperfine
structure arising from the interaction between an unpaired electron spin (S=1/2)
and a nuclear spin I=3/2 of a Ga atom that forms the core of the defect. The
selection rules for electron spin resonance transitions, i.e., ∆MS=±1 and ∆mI=0,
lead to four prominent ODMR lines for each Ga isotope. Taking into account
that there are two naturally abundant Ga isotopes (i.e., 69Ga and 71Ga with 60%
and 40% abundance, respectively), the ODMR spectrum of each Gai defect is
expected to be dominated by two sets of four lines with different spacings due
to the difference in magnetic moment between the two Ga isotopes.
Introduction of Gai has been shown to be largely promoted by incorporation of
N. In quaternary alloys, concentration of the defects has been shown to be
largely enhanced by the presence of Al in the alloys. Gai exhibited high
thermal stability and could only be partially removed by post-growth RTA.
Ga interstitials have also been found22 to be abundant in Ga(In)NAs alloys
independently of the employed growth method for material fabrication. They
are among dominant NR defects that control carrier lifetime in Ga(In)NAs
alloys and degrade optical quality of the alloys. Recently, it has been shown23
that presence of Ga interstitials in Ga(In)NAs can be turned into an advantage,
making this material a very efficient spin filter capable of generating more
than 35% electron spin polarization at room temperature (RT) and without
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externally applied magnetic field. This is due to the effect of spin-dependent
recombination (SDR), which requires a presence of deep paramagnetic centers
and relies on the Pauli’s exclusion principle, which forbids capture of spinpolarized free electrons by NR centers with the same spin orientation of
localized electrons. Consistently, spin polarization of free and localized
carriers (achieved by circularly polarized optical excitation) results in a
blockade of competing recombination via the SDR centers and subsequent
enhancement of PL intensity of band-to-band recombination. Up to 8 times
increase in the PL intensity is observed under spin blockade, i.e., up to 88% of
recombination suffers nonradiative losses via NRR under conventional
conditions without spin polarization.
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Chapter 3: II-VI diluted magnetic
semiconductor quantum structures

3.1 Introduction
An electron has two attributes: charge and spin. Conventional electronics so
far only utilizes the charge of electron. “Spintronics” or “Spin electronics”, on
the other hand, is a relatively new field of physics and material science which
uses not only the charge but also the quantum mechanical property of spin of
the electron. Spin electronics offers a pathway toward integration of
information storage and processing in a single material 1 . Spintronics also
promises advantages for more conventional electronic applications since spin
can – in contrast to charge - be manipulated on a much shorter time scale and
at lower cost of energy. These applications of semiconductor spintronics
require realization of injection, detection, manipulation, transport and storage
of spins.
The year of birth of the field of spintronics is generally considered as 1988
with the discovery of the giant magneto-resistance effect (GMR) by A. Fert2
and P. Grunberg3. This discovery was awarded by a Nobel Prize in Physics in
2007. GMR is a pure spintronics effect and is observed in alternating
ferromagnetic and non-magnetic metal layer stacks. Today it is used in most
computer hard drives. Extending to semiconductor materials, spintronics holds
great potential in revolutionizing microelectronics and optoelectronics.
Nowadays, the area of spintronics covers a very wide range of topics, such as
quantum computation, spin light-emitting devices, spin transistors, magnetic
RAM, etc. For reviews covering general topics of spintronics and applications
see e.g. [ 4 ,5]. For full exploration of spin-enabling functionality, a good
understanding of fundamental properties underpinning spin-dependent
phenomena is required.
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3.2 ZnMnSe diluted magnetic semiconductor
Diluted magnetic semiconductors (DMS) are obtained by randomly
substituting a fraction of cations by magnetic elements such as transition
metals (e.g. Mn) which introduces magnetic properties into the host
semiconductor. For example, five electrons in the unfilled 3d-shell of Mn give
rise to localized magnetic moments which become partially aligned in an
external magnetic field. The resultant magnetic moment interacts with the free
carriers (s conduction band electrons and p valence band holes) via the socalled sp-d exchange interaction, causing a Zeeman splitting which at low
temperatures exceeds that of host the II-VI semiconductor by two orders of
magnitude. Thus, by using a DMS such as ZnMnSe as a spin aligner, high
degrees of spin polarization can be achieved. Thereby, DMS provides a viable
route to establish spin-polarized current injection into a standard nonmagnetic
semiconductor. As in other standard alloys, ZnMnSe also exhibits a
compositional shift of the bandgap energy, and alloy fluctuations that are
responsible for the potential fluctuations at the band edges. Compositional
dependence of the free- and donor-bound excitons is presented in the Figure
3.1 (a) and (b) respectively. Bowing of the bandgap is observed for x< 0.07.

Figure 3.1. Composition dependence of the exciton energy of the
Zn1-XMnXSe in the absence of the magnetic field. (a) Free exciton energy. Reprinted
with permission from Ref. [5]. The lines are just a guide to the eye. (b) Near-band
edge emission of donor bound exciton as a function of Mn compositions observed at
different temperatures. Reprinted with permission from Ref. [6].
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Apart from the increase of the direct bandgap at k=0, the incorporation of Mn
into ZnSe leads to additional features in PL spectrum due to the 3d-electron
transitions internal to the Mn-ion. This emission can compete with the band
edge transitions7. In addition, there is efficient energy transfer from the band
edge excitons states in ZnMnSe to Mn-ions leading to intra-shell excitation of
the latter.

3.2.1 Effect of externally applied magnetic field
ZnSe-related quantum structures are commonly grown on GaAs substrates.
Lattice constants of the zinc-blende Zn(Mn)Se alloys are larger than that of
GaAs. As a result, Zn(Mn)Se epilayers are subjected to in-plane compressive
strain, which lifts the degeneracy of the HH and LH states. Application of an
external magnetic field B along the z-axis results in further splitting of the VB
states. The sign and the value of the splitting are determined by the electron (ge)
and hole (gh) g-factors. For the Faraday geometry, only longitudinal (along zaxis) parts of the g-factors are of importance, which are defined as follows: the
Zeeman energy (≡gµ0BJz) of the electron states is equal to ±geµ0B/2, where µ0
is the Bohr magneton, and the Zeeman energy of hole states equals ±3ghµ0B/2.

Figure 3.4. (a) Reflectance (solid lines) and PL (dashed lines) spectra of
ZnMnSe/GaAs in different magnetic fields. (b) Splitting of the conduction and valence
band edge due to compressive strain and external magnetic field. Circularly polarized
electric-dipole allowed transitions are indicated by arrows. Projections of the total
angular momentum on the growth direction of CB and VB electrons (i.e. mjCBe and
mjVBe,) are indicated next to the final energy levels. From Ref. [8].
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Excitonic g-factor is given by gex=-ge+3gh which defines the Zeeman splitting
between |+1/2; -3/2> and |-1/2; +3/2> excitonic states as: Eσ+- Eσ-= gexµ0B (for
excitons we use the |mje, mjh> notation, where mjh = -mjVBe). In DMS (e.g.
ZnMnSe/GaAs or CdMnTe), the dominant contribution to the Zeeman
splitting of excitons results from the giant s-d (p-d) exchange interaction
between the Mn2+ ions and electrons (holes). In the mean field approximation,
the Zeeman splittings of the conduction and HH valence bands are:
∆ECB = N0αx*<Sz>/2= geµ0B
∆EVB = N0βx*<Sz>/2= 3ghµ0B.
Here, N0α and N0β are the respective exchange integrals, x* is the effective
Mn concentration. Temperature and magnetic field dependent averaged Mn
spin <Sz> is given by a modified Brillouin function. Signs of electron and hole
g-factors: ge>0 and gh<0 determine the ground states of the electron, hole and
exciton with mje =-1/2; mjh =+3/2 and mjX =+1, respectively. The exciton is
thus active in the σ+ polarization and gex=-ge + 3gh is negative (see Fig. 3.4).

3.3 Spin injection from DMS
Although the giant Zeeman splitting observed in II-VI DMS structures is so far
only achieved at cryogenic temperatures, these structures provide a model
cases for understanding of spin phenomena and proof-of-concept spintronics
devices. Earlier studies of optical spin injection were preformed on
ZnMnSe/ZnCdSe quantum well (QW) structures, where ZnMnSe DMS acts as
a spin injector (SI) to a nonmagnetic ZnCdSe QW spin detector (SD). Spin
injection in these structures was reliably demonstrated 9 - 13 from substantial
changes of optical polarization of the SD depending on the excitation energy,
reflecting in what region of the studied structure spins were created. In applied
magnetic fields and under excitation below the excitonic bandgap energies of
the DMS and ZnSe tunneling barrier, intrinsic spin polarization properties of
the SD without spin injection were probed. As expected, a weakly negative
“intrinsic” SD PL polarization defined by P = 100*(σ+- σ-)/(σ++ σ-) was
observed, as the σ--active |+1/2,−3/2> state of the HH exciton lies lower in
energy with respect to the σ+-active |−1/2,+3/2> HH exciton state and was thus
favorably populated. When the excitation light was tuned resonant with the σ+
polarized DMS state, a reversal of the PL polarization sign was detected,
which was interpreted as a result of population inversion between the two
exciton spin sublevels of the SD due to the injection of spin-polarized carriers
from the SI. The detected degree of spin polarization of the QW PL emission
is determined by spin alignment within the DMS, spin injection from the DMS
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to the non-magnetic QW SD, and also spin relaxation within the SD. Due to
the giant Zeeman splitting and fast spin flip, spin alignment within the DMS is
very effective and reaches 100%.
Based on the degree of the QW SD PL polarization detected in an applied
magnetic field under resonant photo-excitation at the lower |−1/2,+3/2> spin
state of the DMS (i.e. full spin alignment in the SI), the spin injection
efficiency of excitons/free carries from the DMS to the non-magnetic SD was
estimated to be ~30–35%. Moreover, the spin injection efficiency was found to
be independent of the spacer thickness indicating that the spin polarization
created by the SI remained preserved after injection into the QW SD through a
barrier of ZnSe as thick as 10 nm.
Semiconductor QDs are particularly promising for solid-state qubits and spin
detection due to their slow spin relaxation and high efficiency of optical
transitions. Unfortunately, both carrier- and spin-injection processes and
physical mechanisms for spin loss in QD systems are still not fully understood.
In Paper VI and VII, we have performed comprehensive characterization
studies of optical carrier/exciton and spin injection processes from a DMS
layer of ZnMnSe into CdSe self-assembled QDs through a ZnSe barrier.

References

1

S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. D. S. von Molnár,
M. L. Roukes, A. Y. Chtchelkanova, and D. M. Treger, Science 294, 1488 (2001).

2

M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Eitenne,
G. Creuzet, A. Friederich, and J. Chazelas, Phys.Rev.Lett., 61, 2472 (1988).

3

G. Binasch, P. Gr¨unberg, F. Saurenbach, and W. Zinn, Phys. Rev. B, 39, 4828
(1989).

4

Igor Zutic, Jaroslav Fabian, and S. Das Sarma, Rev. Mod. Phys., 76, 323 (2004).

5

A. Twardowski, T. Dietl and M. Demianiuk, Solid State Comm. 48, 845 (1983).

6

Y H Hwang, Y H Um and J K Furdyna, Semicond. Sci. Technol. 19 565 (2004).

31

7

M. Godlewski, S. Yatsunenko, A Khachapuridze, and V. Yu. Ivanov, J. Alloys
Compd. 373, 111-113 (2004).

8

T. Matsumoto, A. Ota, K. Nakamura, A. Fujita, Y. Nabetani, T. Kato, Phys. Stat. Sol.
C 1, issue 4, pages 933 – 936 (2004).

9

R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A. Waag and
L.W. Molenkamp, Nature 402, 787 (1999).

10

M. Oestreich, J. M¨ubner, D. H¨agele, P. J. Klar, W. Heimbrodt, W. W. R¨uhle,
D. E. Ashenford and B. Lunn, Appl. Phys. Lett. 74, 1251 (1999).

11

I. A. Buyanova, W. M. Chen, G. Ivanov, B. Monemar, A. A. Toropov, Y. Terent’ev,
S. V. Sorokin, A. V. Lebedev, S. V. Ivanov and P. S. Kop’ev, Appl. Phys. Lett. 81,
2196 (2002).

12

I. A. Buyanova, G. Yu. Rudko, W. M. Chen, A. A. Toropov, S. V. Sorokin, S. V.
Ivanov and P. S. Kop’ev, Appl. Phys. Lett. 82, 1700 (2003).

13

W. M. Chen, I. A. Buyanova, K. Kayanuma, K. Nishibayashi, K. Seo, A. Murayama,
Y. Oka, A. A. Toropov, A. V. Lebedev, S. V. Sorokin and S. V. Ivanov, Phys. Rev.
B 72, 073206 (2005).

32

Chapter 4: Experimental techniques

4.1 Photoluminescence spectroscopy (PL)
Photoluminescence (PL) is a process in which a material absorbs
photons and then spontaneously re-radiates photons. Incident photons of
sufficient energy excite electrons from the valence band to the conduction
band. Excited electrons can move freely in the CB and contribute to the
electrical conductivity. When photo-excited electrons return to the lower
energy states their excess energy is released and this can be done e.g. via
photon emission as discussed in Section 1.8 Radiative carrier recombination .
PL is one of many forms of luminescence (light emission) when the excitation
of carriers is accomplished via photon absorption (hence the prefix photo-).
Other common ways of creating non-equilibrium carriers in semiconductors
include electron bombardment (cathodoluminescence) and current injection
(electro-luminescence). The energy of the luminescence corresponds to the
energy difference of the involved electronic states.
PL spectroscopy is a sensitive and relatively simple method to study optical
properties of semiconductors. It is contact-less, non-destructive and does not
require special specimen preparation. By varying experimental parameters
such as excitation energy and intensity, polarization of absorbed and emitted
photons and sample temperature, PL can be used to study a variety of material
properties, including:
Bandgap energy. Radiative transitions in semiconductors can occur between
the CB and VB states, resulting in the photon emission with an energy equal to
the bandgap energy. This can be used to determine the bandgap energy of a
semiconductor provided that the origin of the PL transition is proven to be
band-to-band recombination.
Recombination mechanism. Dependence of the peak position, intensity and
lineshape of the PL emission on the temperature and photo-excitation power
can be used to deduce the origin of the radiative recombination.
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Impurity and defect levels. A large variety of luminescent transitions in
semiconductors involve localized defect levels. Specific defects can be
identified from the energy of the emitted photons, and the PL intensity (if
calibrated) can be used to determine their concentration.
Excitonic states can give information on the exciton binding energy.
Material quality. Non-radiative recombination processes compete with PL and
are generally associated with localized defect levels whose presence is harmful
to material quality. These processes are usually activated at elevated
temperatures and degrade PL efficiency. Temperature dependence of the
integrated PL intensity allows to determine the activation energy of the
quenching process, thereby giving hints about its identity. If defects participate
in competing radiative recombination, the ratio between the intensities of the
defect related emission and the band-edge emission scales with the defect
concentration.
A typical PL-setup used in this work is illustrated in Fig. 4.1. Monochromatic
laser light is an ideal excitation source. In this work, we have employed
several different laser systems. An Argon ion (Ar+) laser has been used as a
source of green (514 nm) and UV (351 nm) excitation light whilst a solid state
laser provided the 532 nm line. An Ar+ laser pumped Titanium-Sapphire
(Ti:Sapphire) laser or a dye laser with Stilbene 3 dye were used when the
excitation wavelength needed to be varied within the 700-1000 nm and 420460 nm spectral ranges, respectively. Luminescence spectroscopy is usually
performed at low temperatures in order to suppress NR recombination, which
reduces signal intensity, and scattering with phonons (giving rise to spectral
line broadening). Samples are usually cooled by liquid He4 (LHe), which
requires a cryostat. The boiling temperature of 4He is 4.2 K at atmospheric
pressure, but temperatures below 2 K can be reached by lowering the pressure.
After photo-excitation of the LHe-cooled sample, a PL signal is collected and
spectrally analyzed with a double grating monochromator coupled to a light
detector. Different types of detectors have been used in this work. For example,
a room temperature GaAs photomultiplier tube (PMT) is highly sensitive to
light in the wavelength range of ~320-820 nm, whereas a liquid-nitrogen
cooled Germanium diode can detect light with wavelengths ranging between
~750 and ~1750 nm. Sometimes, a silicon detector has been employed for the
wavelength range of ~600-1100 nm. The signal from the detector has been
amplified by a lock-in technique, where the intensity of the excitation light is
modulated at a certain frequency. By suppressing the frequencies other than
the frequency of the modulated excitation, a signal-to-noise ratio is greatly
improved. A PL spectrum is obtained by registering the PL intensity as the
monochromator scans through the desired energy range. Alternatively, a 0.45m singe-grating monochromator equipped with a liquid nitrogen cooled Si
charge-coupled-device (CCD) have been used. CCD is sensitive in the
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Figure 4.1. Shematic illustration of a PL setup.
wavelength range of 300 nm – 1100 nm and since it is a multi-channel detector
(512 x 2048 pixels) it can simultaneously acquire the whole spectral window,
greatly speeding up data acquisition.
By varying experimental parameters such as excitation wavelength, duration
of the pulsed excitation light, and by applying external perturbations such as
external magnetic and microwave fields, various advanced spectroscopies can
be performed. These are referred to as PL excitation, time-resolved PL and
optical detection of magnetic resonance, respectively, and will be discussed
below.

4.2 Photoluminescence Excitation (PLE)
Measurements in which detection wavelength is fixed at a certain emission
wavelength and the excitation energy is scanned are called photoluminescence
excitation (PLE) measurements. The PLE measurement requires a tunable
light source, such as a dye laser or Titanium-sapphire laser. This technique is
useful when selective excitation of a specific layer in a multilayer-structure is
required. Moreover, when characterizing quantum structures, it can reveal the
importance of selected, higher-lying energy levels for the monitored, lower
lying energy state. By tuning the excitation energy in resonance with the
higher lying energy states, resonant excitation is achieved. This will increase
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the absorption of the laser light, due to the increased density of states. If
relaxation channels from the higher to the lower energy state are efficient, the
measured PL intensity will also be enhanced. Therefore, the PLE spectrum in
some respect reflects the absorption. But, in contrast to real absorption
measurements where the total absorption is measured, only the higher states
directly affecting the lower lying state are observed by the PLE technique. In
Paper VI and VII, PLE was used in studying the spin- and carrier-injection
efficiency from ZnMnSe DMS to the CdSe QD’s. This was done by
monitoring the QD emission while tuning the excitation energy over the range
of the DMS energies.

4.3 Time-resolved photoluminescence (TRPL)
TRPL is measured by exciting luminescence from a sample with a pulsed light
source, and then measuring the subsequent PL decay, i.e. the PL intensity as a
function of time after the excitation pulse. Repetition time between subsequent
pulses is typically larger than the PL lifetime. TRPL gives information on the
dynamics of the momentum and energy relaxation of the photoexcited carriers
in a semiconductor. The momentum and the energy relaxation of carriers
occurs via emission of phonons on a sub-picoseconds time scale. The
subsequent electron-hole recombination typically occurs on a time scale of a
few hundred picoseconds1.
In TRPL, the emitted light is spectrally dispersed by a grating monochromator
onto a streak camera, which is synchronized with the laser pulses. A streak
camera is a two dimensional (2D) instrument for measuring ultra-fast light
phenomena. The temporal profile of a light pulse is converted into a spatial
profile on a detector, by causing a time-varying deflection of the light across
the width of the detector. A streak image is detected by a CCD camera and a
2D image is produced showing the PL intensity versus both time and photon
energy along two axes.

4.4 Optically detected magnetic resonance (ODMR)
ODMR is a spectroscopic method in which transitions between spin sublevels
of a paramagnetic defect are detected by optical means. The method relies on
spin selection rules in the monitored recombination process, which links the
polarization or the intensity of the emitted light to the population distribution
of the spin levels. Since transitions between these magnetic sub-levels are
magnetic-dipole allowed, they can be induced by an externally applied
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electromagnetic field of the matching frequency (usually in the microwave
region with magnetic fields commonly available). When the energy splitting
between the two sub-levels equals the energy of the microwave (MW) quanta,
a spin-resonant transition occurs. The MW-induced transition between the
Zeeman sublevels changes the population of these levels and consequently
gives rise to a change in the total PL intensity or polarization. This change is
defined as an ODMR signal. Table 4.1 shows typical ranges of used
microwave frequencies.
Analysis of the exact energy separation between spin sublevels of a defect is
usually performed with the aid of a spin Hamiltonian that includes an electron
Zeeman term, central and ligand hyperfine interaction terms and zero field
splitting term2-4:

H = µ B B ⋅ g ⋅ S + S ⋅ A ⋅ I + ∑ S ⋅ A i ⋅ Ii + S ⋅ D ⋅ S

(4.1)

i

Here µB is the Bohr magneton, S is the effective electronic spin, I and Ii is the
nuclear spin of the defect and ligand atom i, respectively. g is the electronic gtensor and A and Ai is the central and ligand hyperfine tensor, in which
information about structure and local environment of the defect is conveyed.
The last term introduces the fine structure tensor D, i.e. zero field splitting. It
is important only for S > ½. The effective spin and the symmetry of the defect
can often be deduced from the number of resonances in the ODMR spectra
(see Fig. 4.2) and their anisotropy. Chemical identification of a defect is based
on measurements of the central and/or ligand hyperfine interactions between
the unpaired spin of electron(s) or hole(s) and the nuclear spin(s).
The hyperfine interaction gives rise to an energy level splitting and, hence to a
splitting of the ODMR lines. If the magnetic nucleus occurs in several isotopes,
then the chemical identification of the defect is easily made by taking
advantage of the ratio of the observed hyperfine splittings. The direction of the

Table 4.1. Typical ranges of MW frequencies used in ODMR/EPR. Last
column takes into account only Zeeman interaction of effective electron spin
S=1/2.
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symmetry axis of the defect can be found at the angle with the maximal
splitting of the anisotropic resonances. The line splitting at these directions is a
good first estimate of the principal g, A and D tensors. More accurate values
can be obtained from a best fit of Eq.4.1 to the experimental data. In this thesis,
we have used Grachev and Easy spin software5 to fit the experimental data.
A traditional way of detecting the transitions between the spin sublevels is by
monitoring a change of the MW absorption as a function of an applied
magnetic field. The method is then called Electron Paramagnetic Resonance
(EPR) 1 and is usually used for characterizing long lived or permanently
occupied defect states. Due to a low sensitivity of the MW detection, this
technique requires a relatively large number of defect states, and is therefore
not suitable for studies of thin epitaxial layers.
The scaling up of the EPR detection from the microwave to the optical regime
renders great sensitivity to the ODMR technique. As a combination of EPR
and PL, ODMR can give information on the specific role of the defect in the
monitored PL emission. In addition, if a sample under study consists of several
layers with different semiconductor alloys, one can choose which layer to
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Figure 4.2. (a) Electron Zeeman levels for S=1/2 state as a function of a static
magnetic field B. The magnetic dipole transition is indicated by an arrow
at Br = hω MW / gµ B , giving g = 71.4478 *ν MW (GHz ) / Br ( mT ) . The lowest
part of the figure shows the expected ODMR spectra. (b) The same as (a) but
including hyperfine interaction with a I=1/2 nuclei. c) Electron Zeeman levels for S=1.
The dashed arrow indicates a spin-forbidden transition (sometimes enabled by mixing
of electron wavefunctions).

1

Also referred as ESR, Electron Spin Resonance.
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Figure 4.3. Schematic illustration of the ODMR setup.
study by monitoring the PL emission from the corresponding layer. These
advantages make ODMR suitable for studies of thin films, layered and
quantum structures. Both EPR and ODMR are used for obtaining microscopic
information on paramagnetic defects including their chemical origin, identity
of neighboring atoms, charge states, symmetry and localization of the electron
wave function etc. A typical ODMR setup is schematically depicted in the
Figure 4.3. A resonance cavity with a standing-wave mode that maximizes the
magnetic part and minimizes the electric part of the MW field at the center of
the cavity is used in order to reduce cyclotron resonance of free carriers.
There are several prerequisites for detecting an ODMR signal. First of all, the
studied material should emit light. Second, the defect state should be
paramagnetic. In addition, an applied microwave field should induce a net
change in the monitored PL. The absorption of the MW from each level is
proportional to the number of available carriers at that level and the number of
available states at the final level. Thus, if we have two spin sublevels that are
equally populated, the MW radiation will induce no net transition between
them, leaving the spin populations and thus the total PL intensity and
polarization unaffected. In this case, the ODMR signal will not be detected. In
order to observe the ODMR signal, the spin split levels should have different
populations in steady state (before the MW is applied). This requirement is
also valid for EPR (otherwise there will be no net MW absorption by the
sample). Major processes creating different steady-state populations of the two
spins sublevels are:
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1. Different population rates of the Zeeman split-up levels. This can be
achieved e.g. by using polarized excitation light provided that the spin
relaxation of the free carriers is slow as compared with their capture
by the defect (otherwise the CB electrons will become spin
unpolarized prior to their capture by the defect).
2. Different recombination rates of the Zeeman split-up levels.
In fact, the intensity of the ODMR
signal is proportional to the product
∆n∆R, where ∆n is the microwave
induced
change
between
the
populations of the sublevels and ∆R
denotes the difference in decay rates
of the two spin-sublevels 6 . Usually,
the shorter-lived sublevel has a lower
steady state population. Resonant
microwave
quanta
will
cause
transitions to this level, resulting in a
faster decay at the defect. If
recombination via the defect is
nonradiative, the ODMR signal can be
Figure 4.4. Schematic illustration of
detected as a decrease of the the origin of negative ODMR signal.
monitored PL (negative ODMR
signal). If, on the other hand, the
defect is directly involved in the radiative recombination, the ODMR signal
will be positive as the MW-induced transitions accelerate the radiative
recombination. ODMR is therefore often used to study defect states that are
governing the recombination of electrons and holes. These defects can in fact
control parameters like the radiative efficiency of a semiconductor and free
carrier lifetime. In the Figure 4.4 a simplified sketch has been employed to
illustrate the principle of ODMR technique.
Information on the defect symmetry and atomic configuration is useful for
revealing both location of the defect in the lattice and its structure. In zincblende crystals, this information is conveniently collected by rotating the
sample in a {110} plane since all three high symmetry axes <001>, <111> and
<110> can then be included in the 90º rotation. If the defect has a low
symmetry, there are several possible orientations in the lattice (e.g. four
equivalent <111> directions in the case of <111> axial defect symmetry)
which will become inequivalent in an applied magnetic field and will thus
cause splitting of the ODMR lines. In the bulk, these different orientations will
be equally probable. If, on the other hand, the defects reside at an interface
between two materials or at a surface of the crystal, only some of the
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equivalent defect orientations will exist and only some of the resonance lines
will be observed. This is the case for the Pb0 defect at the (111) Si/SiO
interface7 and the DD1 defect described in the Paper III.

4.5 Optically detected cyclotron resonance (ODCR)
Motion of a charge q with an effective mass m* in the presence of electric and
magnetic fields is determined by the Lorentz and Coulomb forces acting on it.
The non-relativistic momentum equation reads:

m*

dv
= q( E + v × B)
dt

(4.2)

In general, its solution determines the possible trajectories of the charged
particles. In absence of an electric field and presence of a uniform and constant
magnetic field, integration of the momentum equation shows that the single
particle motion is superimposed of a circular motion around the direction of
the magnetic field. The frequency of the uniform, circular motion is the socalled Larmour frequency or cyclotron frequency defined by:

ω c = qB / m *

(4.3)

We note that the orbital frequency is related to the effective mass of the
particle. If a semiconductor is of high quality, free carriers can orbit several
turns around the magnetic field direction without being scattered.
In a quantum mechanical treatment, the cyclotron orbits of charged particles in
magnetic fields are quantized. As a result, the charged particles can only
occupy orbits with discrete energy values, the so-called Landau levels. If the
energy of externally applied MW is resonant with the energy difference
between two Landau levels, the electric part of the MW field will induce
transitions between these levels which will give rise to different hot carrier
effects. This will change the total PL intensity and give rise to a strong ODCR
signal. The intensity of the ODCR signal has often been ascribed as being
approximately proportional to the absorption of the MW power by a crystal. In
our experimental configuration with a cylindrical TE011 cavity, the absorption
of the MW electric field, can under the CR condition lead to resonant MW
power loss described by the equation8:

Ne 2τ
1 + (ω c2 / ω 2 + 1)ω 2τ 2
,
P∝
m * 1 + (ω 2 / ω 2 − 1)ω 2τ 2 2 + 4ω 2τ 2
c

[

]

(4.4)
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where ω is the MW frequency, N is the free-carrier density and τ is the carrier
scattering time. From the fit of the ODCR line shape using the above equation,
both m* and τ can be deduced directly. In the favorable case of ωcτ>>1, the
resonance peak position Br can then be used to determine the m* by m*=eBr/ω.
The linewidth of the ODCR line is inversely proportional to the carrier
scattering time τ.
The radius of the circular orbit is the Larmour radius:

rL =

mv ⊥
qB

(4.5)

where v ⊥ is the particle speed perpendicular to the field. In quantum
structures, such as quantum wells (QW), the radius of the circular orbit might
be larger than the width of the QW. This does not affect the ODCR signal as
long as the static magnetic field is parallel to the growth direction. In that case,
the cyclotron orbit plane lies in the QW plane. But, by tilting the direction of
the magnetic field, the cyclotron orbit will hit the walls of the QW, resulting in
scattering of the carriers. This shortens the carrier scattering time and thereby
increases the ODCR linewidth. But more importantly, it decreases the
effective magnetic field sensed by the carriers, as only the B component along
the confinement direction (i.e. the growth direction in this case) drives the
cyclotron motion of the 2D carriers. In that case, Br=B must be replaced with
Br=B×cos(θ), where θ denotes the angle between B and the growth direction.
Previous ODCR studies from bulk semiconductors showed that the
variation of the PL intensity is closely related to hot carriers created by the
heating MW field9. Shallow “bound” excitations such as free excitons, shallow
bound excitons and shallow impurities often experience a breakdown in the
MW field, for various reasons. These include: (i) impact ionization when
excess kinetic energy of MW-heated hot carriers exceeds the binding energy of
the bound excitations or shallow centers; (ii) a reduced capture rate with
increased carrier temperature; (iii) lattice heating via hot carriers – lattice
phonon interaction. In all cases, the number of carriers available for various
recombination processes is affected by CR, leading to the observation of
ODCR.
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Chapter 5: Summary of the papers

Paper I
Radiative efficiency of GaNP epilayers grown on GaP substrates by solidsource MBE is significantly improved by reduced nitrogen ion bombardment
during the growth. Based on the results of temperature-dependent PL and
ODMR studies, the observed improvements are attributed to reduced
formation of defects, such as a Ga interstitial related defect and an unidentified
defect revealed by ODMR. We demonstrate that these defects act as
competing recombination centers, which promote thermal quenching of the PL
intensity and result in a substantial (34×) decrease in room-temperature PL
intensity.

Paper II
Effects of growth conditions and post-growth treatments, such as presence of
N ions, N2 flow, growth temperature, In alloying, and postgrowth RTA, on
formation of grown-in defects in Ga(In)NP prepared by MBE are studied in
detail by the ODMR technique. Several common residual defects, such as two
Ga-interstitial defects (i.e., Gai-A and Gai-B) and two unidentified defects with
a g factor around 2 (denoted by S1 and S2), are closely monitored.
Bombardment of impinging N ions on grown sample surface is found to
facilitate formation of these defects. Higher N2 flow is shown to have an even
more profound effect than a higher number of ions in introducing these defects.
Incorporation of a small amount of In (e.g., 5.1%) in GaNP seems to play a
minor role in the formation of the defects. In GaInNP with 45% of In; however,
the defects were found to be abundant. Effect of RTA on the defects is found
to depend on initial configurations of Gai-related defects formed during the
growth. In the alloys where the Gai-A and Gai-B defects are absent in the asgrown samples (i.e., GaNP grown at a low temperature of 460 °C), the
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concentrations of the two Gai defects are found to increase after postgrowth
RTA. This indicates that the defects originally introduced in the as-grown
alloys have been transformed into the more thermally stable Gai-A and Gai-B
during RTA. On the other hand, when the Gai-A and Gai-B are readily
abundant (e.g., at higher growth temperatures, ≥500 °C), RTA leads to a slight
reduction of the Gai-A and Gai-B ODMR signals. The S2 defect is also shown
to be thermally stable upon the RTA treatment.

Paper III
ODMR studies of MBE GaNP/GaP structures reveal presence of a P-related
complex defect, evident from its resolved hyperfine interaction between an
unpaired electronic spin (S=1/2) and a nuclear spin (I= 1/2) of a 31P atom. The
principal axis of the defect is concluded to be along a <111> crystallographic
direction from angular dependence of the ODMR spectrum, restricting the P
atom (either a PGa antisite or a Pi interstitial) and its partner in the complex
defect to be oriented along this direction. The principal values of the electronic
g tensor and hyperfine interaction tensor are determined as: g┴=2.013,
g||=2.002, and A┴=130×10−4 cm−1, A||=330×10−4 cm−1, respectively. The
interface nature of the defect is clearly manifested by the absence of the
ODMR lines originating from two out of four equivalent <111> orientations.
Defect formation is shown to be facilitated by nitrogen ion bombardment
under nonequilibrium growth conditions and the defect is thermally stable
upon post-growth thermal annealing.

Paper IV
Effect of post-growth hydrogen treatment on defects and their role in carrier
recombination in molecular beam epitaxial GaNP alloys is examined by means
of PL and ODMR techniques. We present direct experimental evidence for
effective activation of several different defects in carrier recombination by the
hydrogen treatment. Among them, two defect complexes are identified to
contain a Ga interstitial (Gai). None of the activated Gai complexes was
previously observed in GaNP. Possible mechanisms for the hydrogen-induced
defect activation are discussed.

46

Paper V
We report on our results from a systematic study of layered structures
containing an InGaNAs/GaAs single QW enclosed between staggered type II
AlAs/GaAs SL, by the PL and ODCR techniques. Besides the ODCR signal
known to originate from electrons in GaAs, the predominant ODCR peak is
shown to be related to carriers with a two-dimensional character and a
cyclotron resonance effective mass of m*≈(0.51–0.56)m0. The responsible
carriers are ascribed to electrons on the ellipsoidal equienergy surface at the
AlAs X point of the Brillouin zone within the SL, based on results from
angular and spectral dependences of the ODCR signal. No ODCR signal
related to the InGaNAs SQW was detected, presumably due to low carrier
mobility despite the high optical quality. Multiple absorption of photons with
energy below the band gap energy of the SL and the GaAs barriers was
observed, which bears implication on the efficiency of light-emitting devices
based on these structures.

Paper VI
Magneto-optical spectroscopy in combination with tunable laser spectroscopy
is employed to study optical spin injection from a DMS ZnMnSe into
nonmagnetic CdSe QDs. Observation of a DMS feature in the excitation
spectra of the QD photoluminescence polarization provides clear evidence for
optical spin-injection from the DMS to the QDs. By means of a rate equation
analysis, the injected spin polarization is deduced to be about 32% at 5 T,
decreasing from 100% before the injection. The observed spin loss is shown to
occur during the spin injection process including crossing the heterointerfaces
and energy relaxation within the QDs.

Paper VII
Optical carrier/exciton and spin injection processes from a ZnMnSe DMS to
CdSe QD’s are studied in detail by means of spinpolarized magneto-PL and
PL excitation spectroscopies. Efficiency of carrier/exciton transfer is found to
be practically independent of width (Lb) of a ZnSe barrier layer inserted
between the DMS and QD’s. This is tentatively explained in terms of
photonexchange energy transfer. In sharp contrast, spin injection efficiency is
found to be largely suppressed in the structures with large Lb, pointing towards
increasing spin loss.
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